Molecular Biology of

THE CELL

Fifth Edition

ALBERTS JOHNSON LEWIS RAFF ROBERTS WALTER

LCY Biotechnology Holding, Inc.
Ex. 1008
Page 1 of 240




This page intentionally left blank.

LCY Biotechnology Holding, Inc.
Ex. 1008
Page 2 of 240



Molecular Biology of

THE CELL

Fifth Edition

LCY Biotechnology Holding, Inc.
Ex. 1008
Page 3 of 240



This page intentionally left blank.

LCY Biotechnology Holding, Inc.
Ex. 1008
Page 4 of 240



Molecular Biology of

THE CELL

Fifth Edition

Bruce Alberts
Alexander Johnson
Julian Lewis
Martin Raff
Keith Roberts

Peter Walter

With problems by
John Wilson

Tim Hunt

Garland Science

Taylor & Francis Group

LCY Biotechnology Holding, Inc.
Ex. 1008
Page 5 of 240



Garland Science

Vice President: Denise Schanck

Assistant Editor: Sigrid Masson

Production Editor and Layout: Emma Jeffcock
Senior Publisher: Jackie Harbor

Tllustrator: Nigel Orme

Designer: Matthew McClements, Blink Studio, Ltd.
Editors: Marjorie Anderson and Sherry Granum
Copy Editor: Bruce Goatly

Indexer: Merrall-Ross International, Ltd.
Permissions Coordinator: Mary Dispenza

Cell Biology Interactive

Artistic and Scientific Direction: Peter Walter

Narrated by: Julie Theriot

Production Design and Development: Michael Morales

© 2008, 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff,
Keith Roberts, and Peter Walter.

© 1983, 1989, 1994 by Bruce Alberts, Dennis Bray, Julian Lewis, Martin Raff,
Keith Roberts, and James D. Watson.

Bruce Alberts received his Ph.D. from Harvard University and is Professor of
Biochemistry and Biophysics at the University of California, San Francisco. For

12 years, he served as President of the U.S. National Academy of Sciences (1993-2005).
Alexander Johnson received his Ph.D. from Harvard University and is Professor of
Microbiology and Immunology and Director of the Biochemistry, Cell Biology, Genetics,
and Developmental Biology Graduate Program at the University of California, San
Francisco. Julian Lewis received his D.Phil. from the University of Oxford and is a
Principal Scientist at the London Research Institute of Cancer Research UK.

Martin Raff received his M.D. from McGill University and is at the Medical Research
Council Laboratory for Molecular Cell Biology and the Biology Department at University
College London. Keith Roberts received his Ph.D. from the University of Cambridge and
is Emeritus Fellow at the John Innes Centre, Norwich. Peter Walter received his Ph.D.
from The Rockefeller University in New York and is Professor and Chairman of the
Department of Biochemistry and Biophysics at the University of California, San
Francisco, and an Investigator of the Howard Hughes Medical Institute.

This book contains information obtained from authentic and highly regarded sources.
Reprinted material is quoted with permission, and sources are indicated. A wide variety
of references are listed. Reasonable efforts have been made to publish reliable data and
information, but the author and the publisher cannot assume responsibility for the
validity of all materials or for the consequences of their use.

All rights reserved. No part of this book covered by the copyright heron may be
reproduced or used in any format in any form or by any means—graphic, electronic, or
mechanical, including photocopying, recording, taping, or information storage and
retrieval systems—without permission of the publisher.

Library of Congress Cataloging-in-Publication Data
Molecular biology of the cell / Bruce Alberts ... [et al.].-- 5th ed.
p.cm
ISBN 978-0-8153-4105-5 (hardcover)---ISBN 978-0-8153-4106-2 (paperback)
1. Cytology. 2. Molecular biology. I. Alberts, Bruce.
QH581.2 .M64 2008
571.6--dc22
2007005475 CIP

Published by Garland Science, Taylor & Francis Group, LLC, an informa business,
270 Madison Avenue, New York NY 10016, USA, and 2 Park Square, Milton Park,
Abingdon, OX14 4RN, UK.

Printed in the United States of America

15 14 13 12 11 10 9 8 7 6 5 4 3 2

LCY Biotechnology Holding, Inc.
Ex. 1008
Page 6 of 240



Chapter 3

Proteins

When we look at a cell through a microscope or analyze its electrical or bio- In This Cha pter
chemical activity, we are, in essence, observing proteins. Proteins constitute

most of a cell’s dry mass. They are not only the cell’s building blocks; they also THE SHAPE AND 125
execute nearly all the cell's functions. Thus, enzymes provide the intricate STRUCTURE OF PROTEINS
molecular surfaces in a cell that promote its many chemical reactions. Proteins

embedded in the plasma membrane form channels and pumps that control the PROTEIN FUNCTION 152

passage of small molecules into and out of the cell. Other proteins carry mes-
sages from one cell to another, or act as signal integrators that relay sets of sig-
nals inward from the plasma membrane to the cell nucleus. Yet others serve as
tiny molecular machines with moving parts: kinesin, for example, propels
organelles through the cytoplasm; fopoisomerase can untangle knotted DNA
molecules. Other specialized proteins act as antibodies, toxins, hormones,
antifreeze molecules, elastic fibers, ropes, or sources of luminescence. Before we
can hope to understand how genes work, how muscles contract, how nerves
conduct electricity, how embryos develop, or how our bodies function, we must
attain a deep understanding of proteins.

THE SHAPE AND STRUCTURE OF PROTEINS

From a chemical point of view, proteins are by far the most structurally complex
and functionally sophisticated molecules known. This is perhaps not surprising,
once we realize that the structure and chemistry of each protein has been devel-
oped and fine-tuned over billions of years of evolutionary history. Yet, even to
experts, the remarkable versatility of proteins can seem truly amazing.

In this section, we consider how the location of each amino acid in the long
string of amino acids that forms a protein determines its three-dimensional
shape. Later in the chapter, we use this understanding of protein structure at the
atomic level to describe how the precise shape of each protein molecule deter-
mines its function in a cell.

The Shape of a Protein Is Specified by Its Amino Acid Sequence

There are 20 types of amino acids in proteins, each with different chemical prop-
erties. A protein molecule is made from a long chain of these amino acids, each
linked to its neighbor through a covalent peptide bond. Proteins are therefore
also known as polypeptides. Each type of protein has a unique sequence of
amino acids, and there are many thousands of different proteins, each with its
own particular amino acid sequence.

The repeating sequence of atoms along the core of the polypeptide chain is
referred to as the polypeptide backbone. Attached to this repetitive chain are
those portions of the amino acids that are not involved in making a peptide
bond and that give each amino acid its unique properties: the 20 different amino
acid side chains (Figure 3-1). Some of these side chains are nonpolar and
hydrophobic (“water-fearing”), others are negatively or positively charged, some
readily form covalent bonds, and so on. Panel 3-1 (pp. 128-129) shows their
atomic structures and Figure 3-2 lists their abbreviations. 125
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126 Chapter 3: Proteins
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As discussed in Chapter 2, atoms behave almost as if they were hard spheres
with a definite radius (their van der Waals radius). The requirement that no two
atoms overlap limits greatly the possible bond angles in a polypeptide chain
(Figure 3-3). This constraint and other steric interactions severely restrict the
possible three-dimensional arrangements of atoms (or conformations). Never-
theless, a long flexible chain, such as a protein, can still fold in an enormous
number of ways.

The folding of a protein chain is, however, further constrained by many dif-
ferent sets of weak noncovalent bonds that form between one part of the chain
and another. These involve atoms in the polypeptide backbone, as well as atoms
in the amino acid side chains. There are three types of weak bonds: hydrogen
bonds, electrostatic attractions, and van der Waals attractions, as explained in
Chapter 2 (see p. 54). Individual noncovalent bonds are 30-300 times weaker
than the typical covalent bonds that create biological molecules. But many weak
bonds acting in parallel can hold two regions of a polypeptide chain tightly
together. In this way, the combined strength of large numbers of such noncova-
lent bonds determines the stability of each folded shape (Figure 3-4).

OH

H o CH O
Hon—C—C
@ T N
H H O

tyrosine (Tyr)

H,O Figure 3-1 The components
of a protein. A protein
consists of a polypeptide
backbone with attached side
chains. Each type of protein
differs in its sequence and
number of amino acids;
therefore, it is the sequence
of the chemically different
side chains that makes each
protein distinct. The two ends
of a polypeptide chain are
chemically different: the end
carrying the free amino group
(NH3*, also written NH,) is the
amino terminus, or
N-terminus, and that carrying
the free carboxyl group
(COO7, also written COOH) is
the carboxyl terminus or
C-terminus. The amino acid
sequence of a protein is
always presented in the
N-to-C direction, reading
from left to right.

carboxyl terminus
or C-terminus
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THE SHAPE AND STRUCTURE OF PROTEINS 127

AMINO ACID SIDE CHAIN AMINO ACID SIDE CHAIN  Figure 3-2The 20 amino
acids found in proteins. Each
Asparticacid Asp D negative Alanine Ala A nonpolar amino acid has a three-letter
Glutamicacid Glu E negative Glycine Gly G nonpolar and a one-letter abbreviation.
.. i . There are equal numbers of
Arginine Arg R  positive Valine Val V  nonpolar .
> o ) polar and nonpolar side
LySIne LyS K positive Leucine Leu L nonp0|ar chains; however, some side
Histidine His H positive Isoleucine lle |  nonpolar chains listed here as polar are
Asparagine Asn N uncharged polar Proline Pro P nonpolar large enough to have some
. . non-polar properties (for
Glutamine GIn  Q uncharged polar Phenylalanine Phe F  nonpolar example, Tyr, Thr, Arg, Lys). For
Serine Ser S uncharged polar Methionine Met M nonpolar atomic structures, see Panel
Threonine Thr T  uncharged polar Tryptophan Tro W nonpolar 3-1 (pp. 128-129).
Tyrosine Tyr Y uncharged polar Cysteine Cys C nonpolar
L POLAR AMINO ACIDS b NONPOLAR AMINO ACIDS —!

A fourth weak force also has a central role in determining the shape of a pro-
tein. As described in Chapter 2, hydrophobic molecules, including the nonpolar
side chains of particular amino acids, tend to be forced together in an aqueous
environment in order to minimize their disruptive effect on the hydrogen-
bonded network of water molecules (see p. 54 and Panel 2-2, pp. 108-109).
Therefore, an important factor governing the folding of any protein is the distri-
bution of its polar and nonpolar amino acids. The nonpolar (hydrophobic) side
chains in a protein—belonging to such amino acids as phenylalanine, leucine,
valine, and tryptophan—tend to cluster in the interior of the molecule (just as
hydrophobic oil droplets coalesce in water to form one large droplet). This
enables them to avoid contact with the water that surrounds them inside a cell.
In contrast, polar groups—such as those belonging to arginine, glutamine, and
histidine—tend to arrange themselves near the outside of the molecule, where
they can form hydrogen bonds with water and with other polar molecules (Fig-
ure 3-5). Polar amino acids buried within the protein are usually hydrogen-
bonded to other polar amino acids or to the polypeptide backbone.

@ amino acid (B) +180 ¢
(@] RZ H i
il : L
< 4
Co N ;s H C Ca
‘ | phi psi ” ‘ psi 0
R H (o) R, ]
peptide bonds 1
~180! . s ]
-180 0 +180

Figure 3-3 Steric limitations on the bond angles in a polypeptide chain. (A) Each amino acid contributes three bonds
(red) to the backbone of the chain. The peptide bond is planar (gray shading) and does not permit rotation. By contrast,
rotation can occur about the C,—C bond, whose angle of rotation is called psi (y), and about the N-Cy, bond, whose angle
of rotation is called phi (¢). By convention, an R group is often used to denote an amino acid side chain (green circles).

(B) The conformation of the main-chain atoms in a protein is determined by one pair of ¢ and v angles for each amino acid;
because of steric collisions between atoms within each amino acid, most pairs of ¢ and y angles do not occur. In this so-
called Ramachandran plot, each dot represents an observed pair of angles in a protein. The cluster of dots in the bottom
left quadrant represents all of the amino acids that are located in o-helix structures (see Figure 3-7A). (B, from

J. Richardson, Adv. Prot. Chem. 34:174-175, 1981. With permission from Academic Press.)
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128 PANEL 3-1: The 20 Amino Acids Found in Proteins

THE AMINO ACID

The general formula of an amino acid is

o-carbon atom
H /
| carboxyl

HZN—Cl—COOH group

OPTICAL ISOMERS The a-carbon atom is asymmetric, which
allows for two mirror image (or stereo-)

isomers, L and D.
amino
group

R —
side-chain group
R is commonly one of 20 different side chains.

At pH 7 both the amino and carboxyl groups
are ionized.

Proteins consist exclusively of L-amino acids.

FAMILIES OF
AMINO ACIDS

BASIC SIDE CHAINS
lysine

(Lys, or K)

histidine
(His, or H)

arginine

The common amino acids (Arg, or R)

are grouped according to
whether their side chains
are

acidic
basic
uncharged polar

nonpolar This group is

very basic
because its
positive charge
is stabilized by
resonance.

These 20 amino acids
are given both three-letter
and one-letter abbreviations.

These nitrogens have a
relatively weak affinity for an
H* and are only partly positive

Thus: alanine = Ala = A at neutral pH.

PEPTIDE BONDS

Peptide bond: The four atoms in each gray box form a rigid
planar unit. There is no rotation around the C-N bond.

Amino acids are commonly joined together by an amide linkage,
called a peptide bond.

H,0
H O
H o)
N [l 7
N—C—C—N—C—C
A | N

R H OH

H

SH

amino- or \

carboxyl- or
N-terminus H (@] CH, H

C-terminus

Proteins are long polymers

of amino acids linked by
peptide bonds, and they

are always written with the
N-terminus toward the left.
The sequence of this tripeptide
is histidine-cysteine-valine.

+H3N—(|Z—C—T—C

[
<":—N—<|:—coo-

CH, H o] CH

| 7N\
C CH; CH,
N\
HN These two single bonds allow rotation, so that long chains of
amino acids are very flexible.
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THE SHAPE AND STRUCTURE OF PROTEINS

ACIDIC SIDE CHAINS

aspartic acid glutamic acid
(Asp, or D) (Glu, or E)

UNCHARGED POLAR SIDE CHAINS

asparagine glutamine

(Asn, or N) (Gln, or Q)

Although the amide N is not charged at
neutral pH, it is polar.

serine threonine tyrosine
(Ser, or S) (Thr, or T) (Tyr, or Y)

NONPOLAR SIDE CHAINS

alanine

(Ala, or A)

leucine

(Leu, or L)

proline

(Pro, or P)

(actuallyan  CH,;
imino acid)

methionine
(Met, or M)

S —CH,

glycine
(Gly, or G)

valine

(Val, or V)

isoleucine

(Ile, or 1)

phenylalanine
(Phe, or F)

tryptophan
(Trp, or W)

cysteine
(Cys, or Q)

Disulfide bonds can form between two cysteine side chains
The -OH group is polar. in proteins.

— —CH;—S$ —S —CH,— —
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130 Chapter 3: Proteins
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Proteins Fold into a Conformation of Lowest Energy

As a result of all of these interactions, most proteins have a particular three-
dimensional structure, which is determined by the order of the amino acids in its
chain. The final folded structure, or conformation, of any polypeptide chain is
generally the one that minimizes its free energy. Biologists have studied protein
folding in a test tube by using highly purified proteins. Treatment with certain
solvents, which disrupt the noncovalent interactions holding the folded chain
together, unfolds, or denatures, a protein. This treatment converts the protein
into a flexible polypeptide chain that has lost its natural shape. When the dena-
turing solvent is removed, the protein often refolds spontaneously, or renatures,
into its original conformation (Figure 3-6). This indicates that the amino acid
sequence contains all the information needed for specifying the three-dimen-
sional shape of a protein, which is a critical point for understanding cell function.

Each protein normally folds up into a single stable conformation. However,
the conformation changes slightly when the protein interacts with other
molecules in the cell. This change in shape is often crucial to the function of the
protein, as we see later.

Although a protein chain can fold into its correct conformation without out-
side help, in a living cell special proteins called molecular chaperones often assist
in protein folding. Molecular chaperones bind to partly folded polypeptide
chains and help them progress along the most energetically favorable folding

polar nonpolar
side chains side chains E:
p 8§ o
# . £
. - 7 6 7
E =g . ’/\

& 7 A ‘ "E v hydrophobic polar side chains

7 core region on the outside

e contains of the molecule
nonpolar can form hydrogen
side chains bonds to water

unfolded polypeptide folded conformation in aqueous environment

Figure 3-4 Three types of noncovalent
bonds help proteins fold. Although a
single one of these bonds is quite weak,
many of them often form together to
create a strong bonding arrangement, as
in the example shown. As in the previous
figure, Ris used as a general designation
for an amino acid side chain.

Figure 3-5 How a protein folds into a
compact conformation. The polar amino
acid side chains tend to gather on the
outside of the protein, where they can
interact with water; the nonpolar amino
acid side chains are buried on the inside
to form a tightly packed hydrophobic
core of atoms that are hidden from water.
In this schematic drawing, the protein
contains only about 30 amino acids.
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THE SHAPE AND STRUCTURE OF PROTEINS 131

(A) (B) Figure 3-6 The refolding of a
denatured protein. (A) This type of
experiment, first performed more

EXPOSE TO A HIGH o)
CONCENTRATION REMOVE I than 40 years ago, demonstrates
OF UREA UREA that a protein’s conformation is
& . e . Y N/ N NH determined solely by its amino acid
2 2 sequence. (B) The structure of urea.
Urea is very soluble in water and
. . o . unfolds proteins at high
Purlfled protem denatured orlglnal _conformatlon concentrations, Where there is
isolated from protein of protein re-forms !

about one urea molecule for every
six water molecules.

cells

pathway. In the crowded conditions of the cytoplasm, chaperones prevent the
temporarily exposed hydrophobic regions in newly synthesized protein chains
from associating with each other to form protein aggregates (see p. 388). How-
ever, the final three-dimensional shape of the protein is still specified by its
amino acid sequence: chaperones simply make the folding process more reliable.

Proteins come in a wide variety of shapes, and they are generally between 50
and 2000 amino acids long. Large proteins usually consist of several distinct pro-
tein domains—structural units that fold more or less independently of each
other, as we discuss below. Since the detailed structure of any protein is compli-
cated, several different representations are used to depict the protein’s structure,
each emphasizing different features.

Panel 3-2 (pp. 132-133) presents four different representations of a protein
domain called SH2, which has important functions in eucaryotic cells. Con-
structed from a string of 100 amino acids, the structure is displayed as (A) a
polypeptide backbone model, (B) a ribbon model, (C) a wire model that
includes the amino acid side chains, and (D) a space-filling model. Each of the
three horizontal rows shows the protein in a different orientation, and the
image is colored in a way that allows the polypeptide chain to be followed from
its N-terminus (purple) to its C-terminus (red). <GTGA>

Panel 3-2 shows that a protein’s conformation is amazingly complex, even
for a structure as small as the SH2 domain. But the description of protein struc-
tures can be simplified because they are built up from combinations of several
common structural motifs, as we discuss next.

The o Helix and the B Sheet Are Common Folding Patterns

When we compare the three-dimensional structures of many different protein
molecules, it becomes clear that, although the overall conformation of each pro-
tein is unique, two regular folding patterns are often found in parts of them.
Both patterns were discovered more than 50 years ago from studies of hair and
silk. The first folding pattern to be discovered, called the o helix, was found in
the protein o-keratin, which is abundant in skin and its derivatives—such as
hair, nails, and horns. Within a year of the discovery of the o helix, a second
folded structure, called a B sheet, was found in the protein fibroin, the major
constituent of silk. These two patterns are particularly common because they
result from hydrogen-bonding between the N-H and C=O groups in the
polypeptide backbone, without involving the side chains of the amino acids.
Thus, many different amino acid sequences can form them. In each case, the
protein chain adopts a regular, repeating conformation. Figure 3-7 shows these
two conformations, as well as the abbreviations that are used to denote them in
ribbon models of proteins.

The core of many proteins contains extensive regions of § sheet. As shown in
Figure 3-8, these B sheets can form either from neighboring polypeptide chains
that run in the same orientation (parallel chains) or from a polypeptide chain
that folds back and forth upon itself, with each section of the chain running in
the direction opposite to that of its immediate neighbors (antiparallel chains).
Both types of  sheet produce a very rigid structure, held together by hydrogen
bonds that connect the peptide bonds in neighboring chains (see Figure 3-7D).
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132 PANEL 3-2: Four Different Ways of Depicting a Small Protein, the SH2 Domain

(A) Backbone: Shows the overall organization of the polypeptide (B) Ribbon: Easy way to visualize secondary structures, such as
chain; a clean way to compare structures of related proteins. o helices and B sheets.
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THE SHAPE AND STRUCTURE OF PROTEINS

(Courtesy of David Lawson.)

(C) Wire: Highlights side chains and their relative proximities; useful for (D) Space-filling: Provides contour map of the protein; gives a feel for the
predicting which amino acids might be involved in a protein's activity, shape of the protein and shows which amino acid side chains are exposed
particularly if the protein is an enzyme. on its surface. Shows how the protein might look to a small molecule,
such as water, or to another protein.
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134

Chapter 3: Proteins

(A)

amino acid
side chain

amino acid
side chain

(F)

® @

Figure 3-7 The regular conformation of the polypeptide backbone in the o helix and the B sheet. <GTAG> <TGCT>

(A, B, and C) The o helix. The N-H of every peptide bond is hydrogen-bonded to the C=0 of a neighboring peptide bond
located four peptide bonds away in the same chain. Note that all of the N-H groups point up in this diagram and that all of
the C=0 groups point down (toward the C-terminus); this gives a polarity to the helix, with the C-terminus having a partial
negative and the N-terminus a partial positive charge. (D, E, and F) The B sheet. In this example, adjacent peptide chains
run in opposite (antiparallel) directions. Hydrogen-bonding between peptide bonds in different strands holds the
individual polypeptide chains (strands) together in a § sheet, and the amino acid side chains in each strand alternately
project above and below the plane of the sheet. (A) and (D) show all the atoms in the polypeptide backbone, but the
amino acid side chains are truncated and denoted by R. In contrast, (B) and (E) show the backbone atoms only, while (C)
and (F) display the shorthand symbols that are used to represent the o helix and the f sheet in ribbon drawings of proteins
(see Panel 3-2B).
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THE SHAPE AND STRUCTURE OF PROTEINS

An o helix is generated when a single polypeptide chain twists around on
itself to form a rigid cylinder. A hydrogen bond forms between every fourth pep-
tide bond, linking the C=0 of one peptide bond to the N-H of another (see Fig-
ure 3-7A). This gives rise to a regular helix with a complete turn every 3.6 amino
acids. Note that the protein domain illustrated in Panel 3-2 contains two o
helices, as well as a three-stranded antiparallel § sheet.

Regions of o helix are especially abundant in proteins located in cell mem-
branes, such as transport proteins and receptors. As we discuss in Chapter 10,
those portions of a transmembrane protein that cross the lipid bilayer usually
cross as an o helix composed largely of amino acids with nonpolar side chains.
The polypeptide backbone, which is hydrophilic, is hydrogen-bonded to itself in
the o helix and shielded from the hydrophobic lipid environment of the mem-
brane by its protruding nonpolar side chains (see also Figure 3-78).

In other proteins, o helices wrap around each other to form a particularly
stable structure, known as a coiled-coil. This structure can form when the two
(or in some cases three) o helices have most of their nonpolar (hydrophobic)
side chains on one side, so that they can twist around each other with these side
chains facing inward (Figure 3-9). Long rodlike coiled-coils provide the struc-
tural framework for many elongated proteins. Examples are o-keratin, which
forms the intracellular fibers that reinforce the outer layer of the skin and its
appendages, and the myosin molecules responsible for muscle contraction.

Protein Domains Are Modular Units from which Larger Proteins
Are Built

Even a small protein molecule is built from thousands of atoms linked together by
precisely oriented covalent and noncovalent bonds, and it is extremely difficult to
visualize such a complicated structure without a three-dimensional display. For

stripe of
hydrophobic
3" and “d”
amino acids

HOOC COOH

(A) (B) Q)

135

Figure 3-8 Two types of p sheet
structures. (A) An antiparallel § sheet
(see Figure 3-7D). (B) A parallel 3 sheet.
Both of these structures are common
in proteins.

Figure 3-9 A coiled-coil. <CGGA>

(A) A single o helix, with successive amino
acid side chains labeled in a sevenfold
sequence, “abcdefg” (from bottom to top).
Amino acids “a”and “d”in such a sequence
lie close together on the cylinder surface,
forming a“stripe” (red) that winds slowly
around the o helix. Proteins that form
coiled-coils typically have nonpolar amino
acids at positions “a” and “d.” Consequently,
as shown in (B), the two o helices can wrap
around each other with the nonpolar side
chains of one o helix interacting with the
nonpolar side chains of the other, while the
more hydrophilic amino acid side chains are
left exposed to the aqueous environment.
(C) The atomic structure of a coiled-coil
determined by x-ray crystallography. The
red side chains are nonpolar.
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136 Chapter 3: Proteins

this reason, biologists use various graphic and computer-based aids. A DVD that
accompanies this book contains computer-generated images of selected pro-
teins, displayed and rotated on the screen in a variety of formats.

Biologists distinguish four levels of organization in the structure of a protein.
The amino acid sequence is known as the primary structure. Stretches of
polypeptide chain that form o helices and B sheets constitute the protein’s sec-
ondary structure. The full three-dimensional organization of a polypeptide
chain is sometimes referred to as the tertiary structure, and if a particular pro-
tein molecule is formed as a complex of more than one polypeptide chain, the
complete structure is designated as the quaternary structure.

Studies of the conformation, function, and evolution of proteins have also
revealed the central importance of a unit of organization distinct from these
four. This is the protein domain, a substructure produced by any part of a
polypeptide chain that can fold independently into a compact, stable structure.
A domain usually contains between 40 and 350 amino acids, and it is the mod-
ular unit from which many larger proteins are constructed.

The different domains of a protein are often associated with different func-
tions. Figure 3-10 shows an example—the Src protein kinase, which functions in
signaling pathways inside vertebrate cells (Src is pronounced “sarc”). This pro-
tein is considered to have three domains: the SH2 and SH3 domains have regu-
latory roles, while the C-terminal domain is responsible for the kinase catalytic
activity. Later in the chapter, we shall return to this protein, in order to explain
how proteins can form molecular switches that transmit information through-
out cells.

Figure 3-11 presents ribbon models of three differently organized protein
domains. As these examples illustrate, the polypeptide chain tends to cross the
entire domain before making a sharp turn at the surface. The central core of a
domain can be constructed from o helices, from 8 sheets, or from various com-
binations of these two fundamental folding elements. <CAGT>

The smallest protein molecules contain only a single domain, whereas
larger proteins can contain as many as several dozen domains, often connected
to each other by short, relatively unstructured lengths of polypeptide chain.

Few of the Many Possible Polypeptide Chains Will Be Useful to
Cells

Since each of the 20 amino acids is chemically distinct and each can, in princi-
ple, occur at any position in a protein chain, there are 20 x 20 x 20 x 20 = 160,000
different possible polypeptide chains four amino acids long, or 20" different
possible polypeptide chains n amino acids long. For a typical protein length of

SH3 domain

SH2 domain

(A)

Figure 3-10 A protein formed from
multiple domains. In the Src protein
shown, a C-terminal domain with two
lobes (yellow and orange) forms a protein
kinase enzyme, while the SH2 and SH3
domains perform regulatory functions.
(A) A ribbon model, with ATP substrate in
red. (B) A spacing-filling model, with ATP
substrate in red. Note that the site that
binds ATP is positioned at the interface of
the two lobes that form the kinase. The
detailed structure of the SH2 domain is
illustrated in Panel 3-2 (pp. 132-133).
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about 300 amino acids, a cell could theoretically make more than 1039 (20300
different polypeptide chains. This is such an enormous number that to produce
just one molecule of each kind would require many more atoms than exist in the
universe.

Only a very small fraction of this vast set of conceivable polypeptide chains
would adopt a single, stable three-dimensional conformation—by some esti-
mates, less than one in a billion. And yet the vast majority of proteins present in
cells adopt unique and stable conformations. How is this possible? The answer
lies in natural selection. A protein with an unpredictably variable structure and
biochemical activity is unlikely to help the survival of a cell that contains it. Such
proteins would therefore have been eliminated by natural selection through the
enormously long trial-and-error process that underlies biological evolution.

Because evolution has selected for protein function in living organisms, the
amino acid sequence of most present-day proteins is such that a single confor-
mation is extremely stable. In addition, this conformation has its chemical prop-
erties finely tuned to enable the protein to perform a particular catalytic or
structural function in the cell. Proteins are so precisely built that the change of
even a few atoms in one amino acid can sometimes disrupt the structure of the
whole molecule so severely that all function is lost.

Proteins Can Be Classified into Many Families

Once a protein had evolved that folded up into a stable conformation with use-
ful properties, its structure could be modified during evolution to enable it to
perform new functions. This process has been greatly accelerated by genetic
mechanisms that occasionally duplicate genes, allowing one gene copy to evolve
independently to perform a new function (discussed in Chapter 4). This type of
event has occurred quite often in the past; as a result, many present-day pro-
teins can be grouped into protein families, each family member having an
amino acid sequence and a three-dimensional conformation that resemble
those of the other family members.

Consider, for example, the serine proteases, a large family of protein-cleaving
(proteolytic) enzymes that includes the digestive enzymes chymotrypsin,
trypsin, and elastase, and several proteases involved in blood clotting. When the
protease portions of any two of these enzymes are compared, parts of their
amino acid sequences are found to match. The similarity of their three-dimen-
sional conformations is even more striking: most of the detailed twists and turns
in their polypeptide chains, which are several hundred amino acids long, are vir-
tually identical (Figure 3-12). The many different serine proteases nevertheless
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Figure 3-11 Ribbon models of three
different protein domains.

(A) Cytochrome bsey, a single-domain
protein involved in electron transport in
mitochondria. This protein is composed
almost entirely of o helices. (B) The
NAD-binding domain of the enzyme
lactic dehydrogenase, which is composed
of a mixture of o helices and parallel 8
sheets. (C) The variable domain of an
immunoglobulin (antibody) light chain,
composed of a sandwich of two
antiparallel B sheets. In these examples,
the o helices are shown in green, while
strands organized as 3 sheets are
denoted by red arrows.

Note how the polypeptide chain
generally traverses back and forth across
the entire domain, making sharp turns
only at the protein surface. It is the
protruding loop regions (yellow) that
often form the binding sites for other
molecules. (Adapted from drawings
courtesy of Jane Richardson.)
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CHYMOTRYPSIN | f,&_

have distinct enzymatic activities, each cleaving different proteins or the pep-
tide bonds between different types of amino acids. Each therefore performs a
distinct function in an organism.

The story we have told for the serine proteases could be repeated for hun-
dreds of other protein families. In general, the structure of the different mem-
bers of a protein family has been more highly conserved than has the amino acid
sequence. In many cases, the amino acid sequences have diverged so far that we
cannot be certain of a family relationship between two proteins without deter-
mining their three-dimensional structures. The yeast o2 protein and the
Drosophila engrailed protein, for example, are both gene regulatory proteins in
the homeodomain family (discussed in Chapter 7). Because they are identical in
only 17 of their 60 amino acid residues, their relationship became certain only
by comparing their three-dimensional structures (Figure 3-13). Many similar
examples show that two proteins with more than 25% identity in their amino
acid sequences usually share the same overall structure.

The various members of a large protein family often have distinct functions.
Some of the amino acid changes that make family members different were no
doubt selected in the course of evolution because they resulted in useful
changes in biological activity, giving the individual family members the different
functional properties they have today. But many other amino acid changes are
effectively “neutral,” having neither a beneficial nor a damaging effect on the
basic structure and function of the protein. In addition, since mutation is a ran-
dom process, there must also have been many deleterious changes that altered
the three-dimensional structure of these proteins sufficiently to harm them.

(A) (B)

\ helix 2
| G
ya
i\‘

i

Figure 3-12 A comparison of the
conformations of two serine proteases.
The backbone conformations of elastase
and chymotrypsin. Although only those
amino acids in the polypeptide chain
shaded in green are the same in the two
proteins, the two conformations are very
similar nearly everywhere. The active site
of each enzyme is circled in red; this is
where the peptide bonds of the proteins
that serve as substrates are bound and
cleaved by hydrolysis. The serine
proteases derive their name from the
amino acid serine, whose side chain is
part of the active site of each enzyme
and directly participates in the

cleavage reaction.

Figure 3-13 A comparison of a class of
DNA-binding domains, called
homeodomains, in a pair of proteins
from two organisms separated by more
than a billion years of evolution.

(A) A ribbon model of the structure
common to both proteins. (B) A trace of
the o-carbon positions. The three-
dimensional structures shown were
determined by x-ray crystallography for
the yeast o2 protein (green) and the
Drosophila engrailed protein (red).

(C) A comparison of amino acid
sequences for the region of the proteins
shown in (A) and (B). Black dots mark sites
with identical amino acids. Orange

dots indicate the position of a three
amino acid insert in the o2 protein.
(Adapted from C. Wolberger et al.,

Cell 67:517-528, 1991. With permission
from Elsevier.)

COOH
(@]
yeast
H2NGHRFTKENVRILESWFAKNIENPYLDTKGLENLMKNTSLSRIQIKNWVSNRRRKEKTI COOH
RTAFSSEOLARLKREFNEN---RYLTERRRQQLSSELGLNEAQIKIWFQNKRAK I KK S
Drosophila
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Such faulty proteins would have been lost whenever the individual organisms
making them were at enough of a disadvantage to be eliminated by natural
selection.

Protein families are readily recognized when the genome of any organism is
sequenced; for example, the determination of the DNA sequence for the entire
human genome has revealed that we contain about 24,000 protein-coding genes.
Through sequence comparisons, we can assign the products of about 40 percent
of these genes to known protein structures, belonging to more than 500 different
protein families. Most of the proteins in each family have evolved to perform
somewhat different functions, as for the enzymes elastase and chymotrypsin
illustrated previously in Figure 3—-12. These are sometimes called paralogs to dis-
tinguish them from the corresponding proteins in different organisms
(orthologs, such as mouse and human elastase).

As described in Chapter 8, because of the powerful techniques of x-ray crys-
tallography and nuclear magnetic resonance (NMR), we now know the three-
dimensional shapes, or conformations, of more than 20,000 proteins. <GGCC>
By carefully comparing the conformations of these proteins, structural biolo-
gists (that is, experts on the structure of biological molecules) have concluded
that there are a limited number of ways in which protein domains fold up in
nature—maybe as few as 2000. The structures for about 800 of these protein
folds have thus far been determined. These known folds tend to be those most
represented in the universe of protein structures: for example, 50 folds account
for nearly three-fourths of the domain families with predicted structures. A com-
plete catalog of the most significant protein folds that exist in living organisms
would therefore seem to be within our reach.

Sequence Searches Can Identify Close Relatives

The present database of known protein sequences contains more than ten mil-
lion entries, and it is growing very rapidly as more and more genomes are
sequenced—revealing huge numbers of new genes that encode proteins. Pow-
erful computer search programs are available that allow us to compare each
newly discovered protein with this entire database, looking for possible relatives.
Many proteins whose genes have evolved from a common ancestral gene can be
identified by the discovery of statistically significant similarities in amino acid
sequences.

With such a large number of proteins in the database, the search programs
find many nonsignificant matches, resulting in a background noise level that
makes it very difficult to pick out all but the closest relatives. Generally speak-
ing, one requires a 30% identity in sequence to consider that two proteins
match. However, we know the function of many short signature sequences
(“fingerprints”), and these are widely used to find more distant relationships
(Figure 3-14).

Protein comparisons are important because related structures often imply
related functions. Many years of experimentation can be saved by discovering
that a new protein has an amino acid sequence similarity with a protein of
known function. Such sequence relationships, for example, first indicated that
certain genes that cause mammalian cells to become cancerous are protein
kinases. In the same way, many of the proteins that control pattern formation
during the embryonic development of the fruit fly Drosophila were quickly rec-
ognized to be gene regulatory proteins.

WYFGKITRRESERLL GTFLVRESE - signature sequences
WYFGKITRRESERLLLNAENPRGTFLVRESETTKGAYCLSVSDFDNAKGL —  human

W+F + R+E+++LLL ENP GTFLVR SE Y LSV D+++ +G - sequence matches
WEFFENVLRKEADKLLLAEENPEGTFLVRPSEHNPNGYSLSVKDWEDGRGY — Drosophila

1 10 20 30 40 50
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Figure 3-14 The use of short signature
sequences to find related protein
domains. The two short sequences of

15 and 9 amino acids shown (green) can
be used to search large databases for a
protein domain that is found in many
proteins, the SH2 domain. Here, the first
50 amino acids of the SH2 domain of

100 amino acids is compared for the
human and Drosophila Src protein (see
Figure 3-10). In the computer-generated
sequence comparison (yellow row), exact
matches between the human and
Drosophila proteins are noted by the one-
letter abbreviation for the amino acid; the
positions with a similar but nonidentical
amino acid are denoted by +, and
nonmatches are blank. In this diagram,
wherever one or both proteins contain an
exact match to a position in the green
sequences, both aligned sequences are
colored red.
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140 Chapter 3: Proteins

Some Protein Domains Form Parts of Many Different Proteins

As previously stated, most proteins are composed of a series of protein domains,
in which different regions of the polypeptide chain have folded independently
to form compact structures. Such multidomain proteins are believed to have
originated from the accidental joining of the DNA sequences that encode each
domain, creating a new gene. Novel binding surfaces have often been created at
the juxtaposition of domains, and many of the functional sites where proteins
bind to small molecules are found to be located there. In an evolutionary pro-
cess called domain shuffling, many large proteins have evolved through the
joining of preexisting domains in new combinations (Figure 3-15).

A subset of protein domains have been especially mobile during evolution;
these seem to have particularly versatile structures and are sometimes referred
to as protein modules. The structure of one such module, the SH2 domain, was
illustrated in Panel 3-2 (pp. 132-133). Some other abundant protein domains are
illustrated in Figure 3-16.

Each of the domains shown has a stable core structure formed from strands
of B sheet, from which less-ordered loops of polypeptide chain protrude (green).
The loops are ideally situated to form binding sites for other molecules, as most
clearly demonstrated for the immunoglobulin fold, which forms the basis for
antibody molecules (see Figure 3—-41). Most likely, such -sheet-based domains
have achieved their evolutionary success because they provide a convenient
framework for the generation of new binding sites for ligands through small
changes to their protruding loops.

A second feature of these protein domains that explains their utility is the
ease with which they can be integrated into other proteins. Five of the six
domains illustrated in Figure 3-16 have their N- and C-terminal ends at oppo-
site poles of the domain. When the DNA encoding such a domain undergoes
tandem duplication, which is not unusual in the evolution of genomes (dis-
cussed in Chapter 4), the duplicated modules with this “in-line” arrangement

growth factor
module

fibronectin

module type 1 module

kringle
module

fibronectin

immunoglobulin e
type 3 module

module

EGF
HaN === COOH
CHYMOTRYPSIN
HyN ={gll= COOH
UROKINASE
HN ===~ COOH
FACTOR IX
HaN = e e (e (= COOH
PLASMINOGEN
HN =ili=—jii=—{l=—{l——a&d~ COOH

Figure 3-15 Domain shuffling. An
extensive shuffling of blocks of protein
sequence (protein domains) has occurred
during protein evolution. Those portions
of a protein denoted by the same shape
and color in this diagram are
evolutionarily related. Serine proteases
like chymotrypsin are formed from two
domains (brown). In the three other
proteases shown, which are highly
regulated and more specialized, these
two protease domains are connected to
one or more domains that are similar to
domains found in epidermal growth
factor (EGF; green), to a calcium-binding
protein (yellow), or to a “kringle” domain
(blue) that contains three internal
disulfide bridges. Chymotrypsin is
illustrated in Figure 3-12.

Figure 3-16 The three-dimensional
structures of some protein modules. In
these ribbon diagrams, B-sheet strands are
shown as arrows, and the N- and

C-termini are indicated by red spheres.
(Adapted from M. Baron, D.G. Norman and
I.D. Campbell, Trends Biochem. Sci. 16:13-17,
1991, with permission from Elsevier, and
D.J. Leahy et al., Science 258:987-991, 1992,
with permission from AAAS.)
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can be readily linked in series to form extended structures—either with them-
selves or with other in-line domains (Figure 3-17). Stiff extended structures
composed of a series of domains are especially common in extracellular matrix
molecules and in the extracellular portions of cell-surface receptor proteins.
Other modules, including the SH2 domain and the kringle domain illustrated in
Figure 3-16, are of a “plug-in” type, with their N- and C-termini close together.
After genomic rearrangements, such modules are usually accommodated as an
insertion into a loop region of a second protein.

A comparison of the relative frequency of domain utilization in different
eucaryotes reveals that, for many common domains, such as protein kinases,
this frequency is similar in organisms as diverse as yeast, plants, worms, flies,
and humans (Figure 3-18). But there are some notable exceptions, such as the
Major Histocompatibility Complex (MHC) antigen-recognition domain (see
Figure 25-52) that is present in 57 copies in humans, but absent in the other
four organisms just mentioned. Such domains presumably have specialized
functions that are not shared with the other eucaryotes, being strongly selected
for during evolution so as to give rise to the multiple copies observed. Similarly,
a domain like SH2 that shows an unusual increase in its numbers in higher
eucaryotes might be assumed to be especially useful for multicellularity (com-
pare the multicellular organisms with yeast in Figure 3-18).

Certain Pairs of Domains Are Found Together in Many Proteins

We can construct a large table displaying domain usage for each organism whose
genome sequence is known. For example, the human genome is estimated to
contain about 1000 immunoglobulin domains, 500 protein kinase domains, 250
DNA-binding homeodomains, 300 SH3 domains, and 120 SH2 domains. Impor-
tant additional information can be derived by comparing the frequencies and
arrangements of domains in the more than 100 eucaryotic, bacterial, and
archaeal genomes that have been completely sequenced. For example, we find
that more than two-thirds of proteins consist of two or more domains, and that
the same pairs of domains occur repeatedly in the same relative arrangement in
a protein. Although half of all domain families are common to archaea, bacteria,
and eucaryotes, only about 5 percent of the two-domain combinations are simi-
larly shared. This pattern suggests that most proteins containing especially use-
ful two-domain combinations arose relatively late in evolution.

The 200 most abundant two-domain combinations occur in about one-
fourth of all of the proteins with recognizable domains in the complete data set.
It would therefore be very useful to determine the precise three-dimensional
structure for at least one protein from each common two-domain combination,
so as to reveal how the domains interact in that type of protein structure.

4.6
4.2
3.8
3.4
3.0
2.6
2.2

relative abundance of domain (percent)

eucaryotic protein kinase DNA-binding homeodomain SH2 domain
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(A)

Figure 3-17 An extended structure
formed from a series of in-line protein
modules. Four fibronectin type 3 modules
(see Figure 3-16) from the extracellular
matrix molecule fibronectin are illustrated
in (A) ribbon and (B) space-filling models.
(Adapted from D.J. Leahy, I. Aukhil and
H.P. Erickson, Cell 84:155-164, 1996. With
permission from Elsevier.)

Figure 3-18 The relative frequencies of
three protein domains in five eucaryotic
organisms. The approximate percentages
given have been determined by dividing
the number of copies of each domain by
the total number of distinct proteins
thought to be encoded by each
organism, as determined from the
sequence of its genome. Thus, for SH2
domains in humans, 120/24,000 = 0.005.
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142 Chapter 3: Proteins

The Human Genome Encodes a Complex Set of Proteins,
Revealing Much That Remains Unknown

The result of sequencing the human genome has been surprising, because it
reveals that our chromosomes contain only about 25,000 genes. Based on gene
number alone, we would appear to be no more complex than the tiny mustard
weed, Arabidopsis, and only about 1.3-fold more complex than a nematode
worm. The genome sequences also reveal that vertebrates have inherited nearly
all of their protein domains from invertebrates—with only 7 percent of identi-
fied human domains being vertebrate-specific.

Each of our proteins is on average more complicated, however (Figure
3-19). Domain shuffling during vertebrate evolution has given rise to many
novel combinations of protein domains, with the result that there are nearly
twice as many combinations of domains found in human proteins as in a worm
or a fly. Thus, for example, the trypsinlike serine protease domain is linked to at
least 18 other types of protein domains in human proteins, whereas it is found
covalently joined to only 5 different domains in the worm. This extra variety in
our proteins greatly increases the range of protein—protein interactions possible
(see Figure 3-82), but how it contributes to making us human is not known.

The complexity of living organisms is staggering, and it is quite sobering to
note that we currently lack even the tiniest hint of what the function might be for
more than 10,000 of the proteins that have thus far been identified in the human
genome. There are certainly enormous challenges ahead for the next generation
of cell biologists, with no shortage of fascinating mysteries to solve.

Larger Protein Molecules Often Contain More Than One
Polypeptide Chain <GCCT>

The same weak noncovalent bonds that enable a protein chain to fold into a spe-
cific conformation also allow proteins to bind to each other to produce larger
structures in the cell. Any region of a protein’s surface that can interact with
another molecule through sets of noncovalent bonds is called a binding site. A
protein can contain binding sites for various large and small molecules. If a
binding site recognizes the surface of a second protein, the tight binding of two
folded polypeptide chains at this site creates a larger protein molecule with a
precisely defined geometry. Each polypeptide chain in such a protein is called a
protein subunit.

In the simplest case, two identical folded polypeptide chains bind to each
other in a “head-to-head” arrangement, forming a symmetric complex of two
protein subunits (a dimer) held together by interactions between two identical
binding sites. The Cro repressor protein—a viral gene regulatory protein that
binds to DNA to turn viral genes off in an infected bacterial cell—provides an
example (Figure 3-20). Cells contain many other types of symmetric protein
complexes, formed from multiple copies of a single polypeptide chain. The
enzyme neuraminidase, for example, consists of four identical protein subunits,
each bound to the next in a “head-to-tail” arrangement that forms a closed ring
(Figure 3-21).

Many of the proteins in cells contain two or more types of polypeptide
chains. Hemoglobin, the protein that carries oxygen in red blood cells, contains

yeast

worm

human
_Znf ] { Br |BMB
—

Figure 3-19 Domain structure of a
group of evolutionarily related proteins
that are thought to have a similar
function. In general, there is a tendency
for the proteins in more complex
organisms, such as humans, to contain
additional domains—as is the

case for the DNA-binding protein
compared here.

Figure 3-20 Two identical protein
subunits binding together to form a
symmetric protein dimer. The Cro
repressor protein from bacteriophage
lambda binds to DNA to turn off viral
genes. Its two identical subunits bind
head-to-head, held together by a
combination of hydrophobic forces (blue)
and a set of hydrogen bonds (yellow
region). (Adapted from D.H. Ohlendorf,
D.E. Tronrud and B.W. Matthews, J. Mol.
Biol. 280:129-136, 1998. With permission
from Academic Press.)
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tetramer of neuraminidase protein

two identical o-globin subunits and two identical B-globin subunits, symmetri-
cally arranged (Figure 3-22). Such multisubunit proteins are very common in
cells, and they can be very large. Figure 3-23 shows a sample of proteins whose
exact structures are known, and it compares the sizes and shapes of a few larger
proteins with some of the relatively small proteins that we have thus far pre-
sented as models.

Some Proteins Form Long Helical Filaments

Some protein molecules can assemble to form filaments that may span the
entire length of a cell. Most simply, a long chain of identical protein molecules
can be constructed if each molecule has a binding site complementary to
another region of the surface of the same molecule (Figure 3-24). An actin fila-
ment, for example, is a long helical structure produced from many molecules of
the protein actin (Figure 3-25). Actin is very abundant in eucaryotic cells, where
it constitutes one of the major filament systems of the cytoskeleton (discussed
in Chapter 16).

Why is a helix such a common structure in biology? As we have seen, bio-
logical structures are often formed by linking similar subunits—such as amino
acids or protein molecules—into long, repetitive chains. If all the subunits are
identical, the neighboring subunits in the chain can often fit together in only
one way, adjusting their relative positions to minimize the free energy of the
contact between them. As a result, each subunit is positioned in exactly the
same way in relation to the next, so that subunit 3 fits onto subunit 2 in the same
way that subunit 2 fits onto subunit 1, and so on. Because it is very rare for sub-
units to join up in a straight line, this arrangement generally results in a helix—
aregular structure that resembles a spiral staircase, as illustrated in Figure 3—-26.
Depending on the twist of the staircase, a helix is said to be either right-handed
or left-handed (see Figure 3-26E). Handedness is not affected by turning the
helix upside down, but it is reversed if the helix is reflected in the mirror.
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Figure 3-21 A protein molecule
containing multiple copies of a single
protein subunit. The enzyme
neuraminidase exists as a ring of four
identical polypeptide chains. Each of
these chains is formed from six repeats of
a four-stranded B sheet, as indicated by
the colored arrows. The small diagram
shows how the repeated use of the same
binding interaction forms the structure.

Figure 3-22 A protein formed as a
symmetric assembly of two different
subunits. Hemoglobin is an abundant
protein in red blood cells that contains two
copies of a-globin and two copies of
B-globin. Each of these four polypeptide
chains contains a heme molecule (red),
which is the site that binds oxygen (O,).
Thus, each molecule of hemoglobin in the
blood carries four molecules of oxygen.
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SH2 domain

catalase

myoglobin

collagen

aspartate
transcarbamoylase

insulin

dehydrogenase
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Figure 3-23 A collection of protein molecules, shown at the same scale. For comparison, a DNA molecule bound to a protein is also
illustrated. These space-filling models represent a range of sizes and shapes. Hemoglobin, catalase, porin, alcohol dehydrogenase, and
aspartate transcarbamoylase are formed from multiple copies of subunits. The SH2 domain (top left) is presented in detail in Panel 3-2

(pp. 132-133). (Adapted from David S. Goodsell, Our Molecular Nature. New York: Springer-Verlag, 1996. With permission from Springer Science
and Business Media.)
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Helices occur commonly in biological structures, whether the subunits are
small molecules linked together by covalent bonds (for example, the amino
acids in an o helix) or large protein molecules that are linked by noncovalent
forces (for example, the actin molecules in actin filaments). This is not surpris-
ing. A helix is an unexceptional structure, and it is generated simply by placing
many similar subunits next to each other, each in the same strictly repeated rela-
tionship to the one before—that is, with a fixed rotation followed by a fixed
translation along the helix axis, as in a spiral staircase.

Many Protein Molecules Have Elongated, Fibrous Shapes

Most of the proteins that we have discussed so far are globular proteins, in which
the polypeptide chain folds up into a compact shape like a ball with an irregular
surface. Enzymes tend to be globular proteins: even though many are large and
complicated, with multiple subunits, most have an overall rounded shape (see
Figure 3-23). In contrast, other proteins have roles in the cell that require each
individual protein molecule to span a large distance. These proteins generally
have a relatively simple, elongated three-dimensional structure and are com-
monly referred to as fibrous proteins.

One large family of intracellular fibrous proteins consists of o-keratin, intro-
duced when we presented the o helix, and its relatives. Keratin filaments are
extremely stable and are the main component in long-lived structures such as
hair, horn, and nails. An a-keratin molecule is a dimer of two identical subunits,
with the long o helices of each subunit forming a coiled-coil (see Figure 3-9).
The coiled-coil regions are capped at each end by globular domains containing
binding sites. This enables this class of protein to assemble into ropelike inter-
mediate filaments—an important component of the cytoskeleton that creates
the cell’s internal structural framework (see Figure 16-19).

Fibrous proteins are especially abundant outside the cell, where they are a
main component of the gel-like extracellular matrix that helps to bind collec-
tions of cells together to form tissues. Cells secrete extracellular matrix proteins
into their surroundings, where they often assemble into sheets or long fibrils.
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Figure 3-24 Protein assemblies.

(A) A protein with just one binding site
can form a dimer with another identical
protein. (B) Identical proteins with two
different binding sites often form a long
helical filament. (C) If the two binding
sites are disposed appropriately in
relation to each other, the protein
subunits may form a closed ring instead
of a helix. (For an example of A, see
Figure 3-20; for an example of C, see
Figure 3-21.)
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Figure 3-25 Actin filaments.

(A) Transmission electron micrographs
of negatively stained actin filaments.
(B) The helical arrangement of actin
molecules in an actin filament.

(A, courtesy of Roger Craig.)
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Collagen is the most abundant of these proteins in animal tissues. A collagen
molecule consists of three long polypeptide chains, each containing the non-
polar amino acid glycine at every third position. This regular structure allows the
chains to wind around one another to generate a long regular triple helix (Figure
3-27A). Many collagen molecules then bind to one another side-by-side and
end-to-end to create long overlapping arrays—thereby generating the extremely
tough collagen fibrils that give connective tissues their tensile strength, as
described in Chapter 19.

Many Proteins Contain a Surprisingly Large Amount of
Unstructured Polypeptide Chain

It has been well known for a long time that, in complete contrast to collagen,
another abundant protein in the extracellular matrix, elastin, is formed as a
highly disordered polypeptide. This disorder is essential for elastin’s function. Its

Figure 3-26 Some properties of a helix.
(A-D) A helix forms when a series of
subunits bind to each other in a regular
way. At the bottom, the interaction
between two subunits is shown; behind
them are the helices that result. These
helices have two (A), three (B), and six
(Cand D) subunits per helical turn. The
photographs at the top show the
arrangement of subunits viewed from
directly above the helix. Note that the
helix in (D) has a wider path than that in
(Q), but the same number of subunits per
turn. (E) A helix can be either right-
handed or left-handed. As a reference, it
is useful to remember that standard
metal screws, which insert when turned
clockwise, are right-handed. Note that a
helix retains the same handedness when
it is turned upside down.

Figure 3-27 Collagen and elastin.

(A) Collagen is a triple helix formed by
three extended protein chains that wrap
around one another (bottom). Many
rodlike collagen molecules are cross-
linked together in the extracellular space
to form unextendable collagen fibrils
(top) that have the tensile strength of
steel. The striping on the collagen fibril is
caused by the regular repeating
arrangement of the collagen molecules
within the fibril. (B) Elastin polypeptide
chains are cross-linked together to form
rubberlike, elastic fibers. Each elastin
molecule uncoils into a more extended
conformation when the fiber is stretched
and recoils spontaneously as soon as the
stretching force is relaxed.
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THE SHAPE AND STRUCTURE OF PROTEINS

relatively loose and unstructured polypeptide chains are covalently cross-linked
to produce a rubberlike elastic meshwork that can be reversibly pulled from one
conformation to another, as illustrated in Figure 3-27B. The elastic fibers that
result enable skin and other tissues, such as arteries and lungs, to stretch and
recoil without tearing.

Intrinsically unstructured regions of proteins are quite frequent in nature,
having important functions in the interior of cells. As we have already seen, pro-
teins use the short loops of polypeptide chain that generally protrude from the
core region of protein domains to bind other molecules. Similarly, many pro-
teins have much longer regions of unstructured amino acid sequences that
interact with another molecule (often DNA or a protein), undergoing a struc-
tural transition to a specific folded conformation when the other molecule is
bound. Other proteins appear to resemble elastin, in so far as their function
requires that they remain largely unstructured. For example, the abundant
nucleoporins that coat the inner surface of the nuclear pore complex form a ran-
dom coil meshwork that is intimately involved in nuclear transport (see Figure
12-10). Finally, as will be discussed later in this chapter (see Figure 3-80C),
unstructured regions of polypeptide chain are often used to connect the binding
sites for proteins that function together to catalyze a biological reaction. Thus,
for example, in facilitating cell signaling, large scaffold proteins use such flexible
regions as “tethers” that concentrate sets of interacting proteins, often confining
them to particular sites in the cell (discussed in Chapter 15).

We can recognize the unstructured regions in many proteins by their biased
amino acid composition: they contain very few of the bulky hydrophobic amino
acids that normally form the core of a folded protein, being composed instead
of a high proportion of the amino acids Gln, Ser, Pro, Glu, and Lys. Such “natively
unfolded” regions also frequently contain repeated sequences of amino acids.

Covalent Cross-Linkages Often Stabilize Extracellular Proteins

Many protein molecules are either attached to the outside of a cell’s plasma
membrane or secreted as part of the extracellular matrix. All such proteins are
directly exposed to extracellular conditions. To help maintain their structures,
the polypeptide chains in such proteins are often stabilized by covalent cross-
linkages. These linkages can either tie two amino acids in the same protein
together, or connect different polypeptide chains in a multisubunit protein. The
most common cross-linkages in proteins are covalent sulfur-sulfur bonds.
These disulfide bonds (also called S-S bonds) form as cells prepare newly syn-
thesized proteins for export. As described in Chapter 12, their formation is cat-
alyzed in the endoplasmic reticulum by an enzyme that links together two pairs
of -SH groups of cysteine side chains that are adjacent in the folded protein (Fig-
ure 3-28). Disulfide bonds do not change the conformation of a protein but
instead act as atomic staples to reinforce its most favored conformation. For
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Figure 3-28 Disulfide bonds. <ATAC>
This diagram illustrates how covalent
disulfide bonds form between adjacent
cysteine side chains. As indicated, these
cross-linkages can join either two parts of
the same polypeptide chain or two
different polypeptide chains. Since the
energy required to break one covalent
bond is much larger than the energy
required to break even a whole set of
noncovalent bonds (see Table 2-1, p. 53),
a disulfide bond can have a major
stabilizing effect on a protein.
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example, lysozyme—an enzyme in tears that dissolves bacterial cell walls—
retains its antibacterial activity for a long time because it is stabilized by such
cross-linkages.

Disulfide bonds generally fail to form in the cell cytosol, where a high con-
centration of reducing agents converts S-S bonds back to cysteine -SH groups.
Apparently, proteins do not require this type of reinforcement in the relatively
mild environment inside the cell.

Protein Molecules Often Serve as Subunits for the Assembly of
Large Structures

The same principles that enable a protein molecule to associate with itself to
form rings or filaments also operate to generate much larger structures in the
cell—supramolecular structures such as enzyme complexes, ribosomes, protein
filaments, viruses, and membranes. These large objects are not made as single,
giant, covalently linked molecules. Instead they are formed by the noncovalent
assembly of many separately manufactured molecules, which serve as the sub-
units of the final structure.

The use of smaller subunits to build larger structures has several advantages:

1. A large structure built from one or a few repeating smaller subunits
requires only a small amount of genetic information.

2. Both assembly and disassembly can be readily controlled, reversible pro-
cesses, because the subunits associate through multiple bonds of relatively
low energy.

3. Errors in the synthesis of the structure can be more easily avoided, since
correction mechanisms can operate during the course of assembly to
exclude malformed subunits.

Some protein subunits assemble into flat sheets in which the subunits are
arranged in hexagonal patterns. Specialized membrane proteins are sometimes
arranged this way in lipid bilayers. With a slight change in the geometry of the
individual subunits, a hexagonal sheet can be converted into a tube (Figure
3-29) or, with more changes, into a hollow sphere. Protein tubes and spheres
that bind specific RNA and DNA molecules in their interior form the coats of
viruses.

The formation of closed structures, such as rings, tubes, or spheres, provides
additional stability because it increases the number of bonds between the pro-
tein subunits. Moreover, because such a structure is created by mutually depen-
dent, cooperative interactions between subunits, a relatively small change that
affects each subunit individually can cause the structure to assemble or disas-
semble. These principles are dramatically illustrated in the protein coat or cap-
sid of many simple viruses, which takes the form of a hollow sphere based on an
icosahedron (Figure 3-30). Capsids are often made of hundreds of identical pro-
tein subunits that enclose and protect the viral nucleic acid (Figure 3-31). The
protein in such a capsid must have a particularly adaptable structure: not only
must it make several different kinds of contacts to create the sphere, it must also
change this arrangement to let the nucleic acid out to initiate viral replication
once the virus has entered a cell.

Figure 3-29 An example of the

hexagonally assembly of a single protein subunit

requiring multiple protein-protein
contacts. Hexagonally packed globular
protein subunits can form either a flat
sheet or a tube.
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Figure 3-30 The capsids of some viruses, all shown at the same scale. (A) Tomato bushy stunt virus; (B) poliovirus;
(C) simian virus 40 (SV40); (D) satellite tobacco necrosis virus. The structures of all of these capsids have been determined
by x-ray crystallography and are known in atomic detail. (Courtesy of Robert Grant, Stephan Crainic, and James M. Hogle.)

Many Structures in Cells Are Capable of Self-Assembly

The information for forming many of the complex assemblies of macro-
molecules in cells must be contained in the subunits themselves, because puri-
fied subunits can spontaneously assemble into the final structure under the
appropriate conditions. The first large macromolecular aggregate shown to be
capable of self-assembly from its component parts was tobacco mosaic virus
(TMV). This virus is a long rod in which a cylinder of protein is arranged around
a helical RNA core (Figure 3-32). If the dissociated RNA and protein subunits are
mixed together in solution, they recombine to form fully active viral particles.
The assembly process is unexpectedly complex and includes the formation of
double rings of protein, which serve as intermediates that add to the growing
viral coat.

Another complex macromolecular aggregate that can reassemble from its
component parts is the bacterial ribosome. This structure is composed of about
55 different protein molecules and 3 different rRNA molecules. Incubating the
individual components under appropriate conditions in a test tube causes them
to spontaneously re-form the original structure. Most importantly, such recon-
stituted ribosomes are able to catalyze protein synthesis. As might be expected,
the reassembly of ribosomes follows a specific pathway: after certain proteins
have bound to the RNA, this complex is then recognized by other proteins, and
so on, until the structure is complete.

It is still not clear how some of the more elaborate self-assembly processes
are regulated. Many structures in the cell, for example, seem to have a precisely
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defined length that is many times greater than that of their component macro-
molecules. How such length determination is achieved is in many cases a mys-
tery. Three possible mechanisms are illustrated in Figure 3-33. In the simplest

Figure 3-32 The structure of tobacco mosaic virus (TMV). (A) An electron
micrograph of the viral particle, which consists of a single long RNA
molecule enclosed in a cylindrical protein coat composed of identical
protein subunits. (B) A model showing part of the structure of TMV. A
single-stranded RNA molecule of 6395 nucleotides is packaged in a helical
coat constructed from 2130 copies of a coat protein 158 amino acids long.
Fully infective viral particles can self-assemble in a test tube from purified
RNA and protein molecules. (A, courtesy of Robley Williams; B, courtesy of
Richard J. Feldmann.)

(A 50 nm

Figure 3-31 The structure of a spherical
virus. In many viruses, identical protein
subunits pack together to create a
spherical shell (a capsid) that encloses
the viral genome, composed of either
RNA or DNA (see also Figure 3-30). For
geometric reasons, no more than 60
identical subunits can pack together in a
precisely symmetric way. If slight
irregularities are allowed, however, more
subunits can be used to produce a larger
capsid that retains icosahedral symmetry.
The tomato bushy stunt virus (TBSV)
shown here, for example, is a spherical
virus about 33 nm in diameter formed
from 180 identical copies of a 386 amino
acid capsid protein plus an RNA genome
of 4500 nucleotides. To construct such a
large capsid, the protein must be able to
fit into three somewhat different
environments, each of which is differently
colored in the virus particle shown here.
The postulated pathway of assembly is
shown; the precise three-dimensional
structure has been determined by x-ray
diffraction. (Courtesy of Steve Harrison.)

(B)
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Figure 3-33 Three mechanisms of length determination for large protein
assemblies. (A) Coassembly along an elongated core protein or other
macromolecule that acts as a measuring device. (B) Termination of
assembly because of strain that accumulates in the polymeric structure as
additional subunits are added, so that beyond a certain length the energy
required to fit another subunit onto the chain becomes excessively large.
(C) A vernier type of assembly, in which two sets of rodlike molecules
differing in length form a staggered complex that grows until their ends
exactly match. The name derives from a measuring device based on the
same principle, used in mechanical instruments.

case, a long core protein or other macromolecule provides a scaffold that deter-
mines the extent of the final assembly. This is the mechanism that determines
the length of the TMV particle, where the RNA chain provides the core. Similarly,
a core protein is thought to determine the length of the thin filaments in mus-
cle, as well as the length of the long tails of some bacterial viruses (Figure 3—-34).

Assembly Factors Often Aid the Formation of Complex Biological
Structures

Not all cellular structures held together by noncovalent bonds self-assemble. A
mitochondrion, a cilium, or a myofibril of a muscle cell, for example, cannot
form spontaneously from a solution of its component macromolecules. In these
cases, part of the assembly information is provided by special enzymes and
other proteins that perform the function of templates, guiding construction but
taking no part in the final assembled structure.

Even relatively simple structures may lack some of the ingredients necessary
for their own assembly. In the formation of certain bacterial viruses, for exam-
ple, the head, which is composed of many copies of a single protein subunit, is
assembled on a temporary scaffold composed of a second protein. Because the
second protein is absent from the final viral particle, the head structure cannot
spontaneously reassemble once it has been taken apart. Other examples are
known in which proteolytic cleavage is an essential and irreversible step in the
normal assembly process. This is even the case for some small protein assem-
blies, including the structural protein collagen and the hormone insulin (Figure
3-35). From these relatively simple examples, it seems certain that the assembly
of a structure as complex as a mitochondrion or a cilium will involve temporal
and spatial ordering imparted by numerous other cell components.

Figure 3-34 An electron micrograph of bacteriophage lambda. The tip of
the virus tail attaches to a specific protein on the surface of a bacterial cell,
after which the tightly packaged DNA in the head is injected through the s W
tail into the cell. The tail has a precise length, determined by the

mechanism shown in Figure 3-33A. 100 nm
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Summary

A protein molecule’s amino acid sequence determines its three-dimensional confor-
mation. Noncovalent interactions between different parts of the polypeptide chain sta-
bilize its folded structure. The amino acids with hydrophobic side chains tend to clus-
ter in the interior of the molecule, and local hydrogen-bond interactions between
neighboring peptide bonds give rise to o helices and 3 sheets.

Globular regions, known as domains, are the modular units from which many
proteins are constructed; such domains generally contain 40-350 amino acids. Small
proteins typically consist of only a single domain, while large proteins are formed from
several domains linked together by various lengths of polypeptide chain, some of
which can be relatively disordered. As proteins have evolved, domains have been mod-
ified and combined with other domains to construct new proteins. Thus far, about 800
different ways of folding up a domain have been observed, among more than 20,000
known protein structures.

Proteins are brought together into larger structures by the same noncovalent forces
that determine protein folding. Proteins with binding sites for their own surface can
assemble into dimers, closed rings, spherical shells, or helical polymers. Although mix-
tures of proteins and nucleic acids can assemble spontaneously into complex struc-
tures in a test tube, many biological assembly processes involve irreversible steps. Con-
sequently, not all structures in the cell are capable of spontaneous reassembly after
they have been dissociated into their component parts.

PROTEIN FUNCTION

We have seen that each type of protein consists of a precise sequence of amino
acids that allows it to fold up into a particular three-dimensional shape, or con-
formation. But proteins are not rigid lumps of material. They often have precisely
engineered moving parts whose mechanical actions are coupled to chemical
events. It is this coupling of chemistry and movement that gives proteins the
extraordinary capabilities that underlie the dynamic processes in living cells.

Figure 3-35 Proteolytic cleavage in
insulin assembly. The polypeptide
hormone insulin cannot spontaneously
re-form efficiently if its disulfide bonds
are disrupted. It is synthesized as a larger
protein (proinsulin) that is cleaved by a
proteolytic enzyme after the protein
chain has folded into a specific shape.
Excision of part of the proinsulin
polypeptide chain removes some of the
information needed for the protein to
fold spontaneously into its normal
conformation. Once insulin has been
denatured and its two polypeptide
chains have separated, its ability to
reassemble is lost.
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In this section, we explain how proteins bind to other selected molecules
and how their activity depends on such binding. We show that the ability to bind
to other molecules enables proteins to act as catalysts, signal receptors,
switches, motors, or tiny pumps. The examples we discuss in this chapter by no
means exhaust the vast functional repertoire of proteins. You will encounter the
specialized functions of many other proteins elsewhere in this book, based on
similar principles.

All Proteins Bind to Other Molecules

A protein molecule’s physical interaction with other molecules determines its
biological properties. Thus, antibodies attach to viruses or bacteria to mark
them for destruction, the enzyme hexokinase binds glucose and ATP so as to cat-
alyze a reaction between them, actin molecules bind to each other to assemble
into actin filaments, and so on. Indeed, all proteins stick, or bind, to other
molecules. In some cases, this binding is very tight; in others it is weak and
short-lived. But the binding always shows great specificity, in the sense that each
protein molecule can usually bind just one or a few molecules out of the many
thousands of different types it encounters. The substance that is bound by the
protein—whether it is an ion, a small molecule, or a macromolecule such as
another protein—is referred to as a ligand for that protein (from the Latin word
ligare, meaning “to bind”).

The ability of a protein to bind selectively and with high affinity to a ligand
depends on the formation of a set of weak, noncovalent bonds—hydrogen
bonds, electrostatic attractions, and van der Waals attractions—plus favorable
hydrophobic interactions (see Panel 2-3, pp. 110-111). Because each individual
bond is weak, effective binding occurs only when many of these bonds form
simultaneously. Such binding is possible only if the surface contours of the lig-
and molecule fit very closely to the protein, matching it like a hand in a glove
(Figure 3-36).

The region of a protein that associates with a ligand, known as the ligand’s
binding site, usually consists of a cavity in the protein surface formed by a par-
ticular arrangement of amino acids. These amino acids can belong to different
portions of the polypeptide chain that are brought together when the protein
folds (Figure 3-37). Separate regions of the protein surface generally provide
binding sites for different ligands, allowing the protein’s activity to be regulated,
as we shall see later. And other parts of the protein act as a handle to position the
protein in the cell—an example is the SH2 domain discussed previously, which
often moves a protein containing it to particular intracellular sites in response to
particular signals.

Although the atoms buried in the interior of the protein have no direct con-
tact with the ligand, they form the framework that gives the surface its contours
and its chemical and mechanical properties. Even small changes to the amino
acids in the interior of a protein molecule can change its three-dimensional
shape enough to destroy a binding site on the surface.

noncovalent bonds

ligand

N

binding
site

protein

153

Figure 3-36 The selective binding of a
protein to another molecule. Many weak
bonds are needed to enable a protein to
bind tightly to a second molecule, which
is called a ligand for the protein. A ligand
must therefore fit precisely into a
protein’s binding site, like a hand into a
glove, so that a large number of
noncovalent bonds form between the
protein and the ligand.
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Figure 3-37 The binding site of a protein. (A) The folding of the
polypeptide chain typically creates a crevice or cavity on the protein
surface. This crevice contains a set of amino acid side chains disposed in
such a way that they can form noncovalent bonds only with certain
ligands. (B) A close-up of an actual binding site showing the hydrogen
bonds and electrostatic interactions formed between a protein and its
ligand. In this example, cyclic AMP is the bound ligand.

The Surface Conformation of a Protein Determines Its Chemistry

Proteins have impressive chemical capabilities because the neighboring chemi-
cal groups on their surface often interact in ways that enhance the chemical
reactivity of amino acid side chains. These interactions fall into two main cate-
gories.

First, the interaction of neighboring parts of the polypeptide chain may
restrict the access of water molecules to that protein’s ligand-binding sites. This
is important because water molecules readily form hydrogen bonds that can
compete with ligands for sites on the protein surface. Proteins and their ligands
form tighter hydrogen bonds (and electrostatic interactions) if the protein can
exclude water molecules from its binding sites. It might be hard to imagine a
mechanism that would exclude a molecule as small as water from a protein sur-
face without affecting the access of the ligand itself. However, because of the
strong tendency of water molecules to form water-water hydrogen bonds, water
molecules exist in a large hydrogen-bonded network (see Panel 2-2, pp.
108-109). In effect, a protein can keep a ligand-binding site dry because it is
energetically unfavorable for individual water molecules to break away from this
network, as they must do to reach into a crevice on a protein’s surface.

Second, the clustering of neighboring polar amino acid side chains can alter
their reactivity. If protein folding forces together a number of negatively charged
side chains against their mutual repulsion, for example, the affinity of the site for
a positively charged ion is greatly increased. In addition, when amino acid side
chains interact with one another through hydrogen bonds, normally unreactive
side groups (such as the -CH,OH on the serine shown in Figure 3-38) can
become reactive, enabling them to be used to make or break selected covalent
bonds.

The surface of each protein molecule therefore has a unique chemical reac-
tivity that depends not only on which amino acid side chains are exposed, but
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also on their exact orientation relative to one another. For this reason, two even
slightly different conformations of the same protein molecule may differ greatly
in their chemistry.

Sequence Comparisons Between Protein Family Members
Highlight Crucial Ligand-Binding Sites

As we have described previously, genome sequences allow us to group many of
the domains in proteins into families that show clear evidence of their evolution
from a common ancestor. The three-dimensional structures of the members of
the same domain family are remarkably similar. For example, even when the
amino acid sequence identity falls to 25%, the backbone atoms in a domain fol-
low a common protein fold within 0.2 nanometers (2 A).

We can therefore use a method called evolutionary tracing to identify those
sites in a protein domain that are the most crucial to the domain’s function. For
this purpose, those amino acids that are unchanged, or nearly unchanged, in all
of the known protein family members are mapped onto a model of the three-
dimensional structure of one family member. When this is done, the most
invariant positions often form one or more clusters on the protein surface, as
illustrated in Figure 3-39A for the SH2 domain described previously (see Panel
3-2, pp. 132-133). These clusters generally correspond to ligand binding sites.

The SH2 domain is a module that functions in protein—protein interactions.
It binds the protein containing it to a second protein that contains a phospho-
rylated tyrosine side chain in a specific amino acid sequence context, as shown
in Figure 3-39B. The amino acids located at the binding site for the phosphory-
lated polypeptide have been the slowest to change during the long evolutionary
process that produced the large SH2 family of peptide recognition domains.
Because mutation is a random process, this result is attributed to the preferen-
tial elimination during evolution of all organisms whose SH2 domains became
altered in a way that inactivated the SH2-binding site, thereby destroying the
function of the SH2 domain.

FRONT
(A) (B)
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Figure 3-38 An unusually reactive
amino acid at the active site of an
enzyme. This example is the “catalytic
triad” found in chymotrypsin, elastase,
and other serine proteases (see Figure
3-12). The aspartic acid side chain (Asp
102) induces the histidine (His 57) to
remove the proton from serine 195. This
activates the serine to form a covalent
bond with the enzyme substrate,
hydrolyzing a peptide bond. The many
convolutions of the polypeptide chain
are omitted here.

Figure 3-39 The evolutionary trace
method applied to the SH2 domain.

(A) Front and back views of a space-filling
model of the SH2 domain, with
evolutionarily conserved amino acids on
the protein surface colored yellow, and
those more toward the protein interior
colored red. (B) The structure of the SH2
domain with its bound polypeptide. Here,
those amino acids located within 0.4 nm
of the bound ligand are colored blue.

The two key amino acids of the ligand

are yellow, and the others are purple. Note
the high degree of correspondance
between (A) and (B). (Adapted from

O. Lichtarge, H.R. Bourne and F.E. Cohen,
J. Mol. Biol. 257:342-358, 1996. With
permission from Elsevier.)
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In this era of extensive genome sequencing, many new protein families have
been discovered whose functions are unknown. Once a three-dimensional
structure has been determined for one family member, evolutionary tracing
allows biologists to determine binding sites for the members of that family,
thereby helping to decipher protein function.

Proteins Bind to Other Proteins Through Several Types of
Interfaces

Proteins can bind to other proteins in at least three ways. In many cases, a por-
tion of the surface of one protein contacts an extended loop of polypeptide
chain (a “string”) on a second protein (Figure 3-40A). Such a surface-string
interaction, for example, allows the SH2 domain to recognize a phosphorylated
polypeptide loop on a second protein, as just described, and it also enables a
protein kinase to recognize the proteins that it will phosphorylate (see below).

A second type of protein—-protein interface forms when two o helices, one
from each protein, pair together to form a coiled-coil (Figure 3-40B). This type
of protein interface is found in several families of gene regulatory proteins, as
discussed in Chapter 7.

The most common way for proteins to interact, however, is by the precise
matching of one rigid surface with that of another (Figure 3-40C). Such interac-
tions can be very tight, since a large number of weak bonds can form between
two surfaces that match well. For the same reason, such surface-surface inter-
actions can be extremely specific, enabling a protein to select just one partner
from the many thousands of different proteins found in a cell.

Antibody Binding Sites Are Especially Versatile <GCCG>

All proteins must bind to particular ligands to carry out their various functions.
The antibody family is notable for its capacity for tight selective binding (dis-
cussed in detail in Chapter 25).

Antibodies, or immunoglobulins, are proteins produced by the immune
system in response to foreign molecules, such as those on the surface of an
invading microorganism. Each antibody binds tightly to a particular target
molecule, thereby either inactivating the target molecule directly or marking it
for destruction. An antibody recognizes its target (called an antigen) with
remarkable specificity. Because there are potentially billions of different anti-
gens that humans might encounter, we have to be able to produce billions of dif-
ferent antibodies.

Antibodies are Y-shaped molecules with two identical binding sites that are
complementary to a small portion of the surface of the antigen molecule. A
detailed examination of the antigen-binding sites of antibodies reveals that they
are formed from several loops of polypeptide chain that protrude from the ends
of a pair of closely juxtaposed protein domains (Figure 3-41). Different anti-
bodies generate an enormous diversity of antigen-binding sites by changing
only the length and amino acid sequence of these loops, without altering the
basic protein structure.

Loops of this kind are ideal for grasping other molecules. They allow a large
number of chemical groups to surround a ligand so that the protein can link to

Figure 3-40 Three ways in which two
proteins can bind to each other. Only
the interacting parts of the two proteins
are shown. (A) A rigid surface on one
protein can bind to an extended loop of
polypeptide chain (a“string”) on a second
protein. (B) Two o helices can bind
together to form a coiled-coil.

(C) Two complementary rigid surfaces
often link two proteins together.
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it with many weak bonds. For this reason, loops often form the ligand-binding
sites in proteins.

The Equilibrium Constant Measures Binding Strength

Molecules in the cell encounter each other very frequently because of their con-
tinual random thermal movements. Colliding molecules with poorly matching
surfaces form few noncovalent bonds with one another, and the two molecules
dissociate as rapidly as they come together. At the other extreme, when many
noncovalent bonds form between two colliding molecules, the association can
persist for a very long time (Figure 3-42). Strong interactions occur in cells
whenever a biological function requires that molecules remain associated for a
long time—for example, when a group of RNA and protein molecules come
together to make a subcellular structure such as a ribosome.

We can measure the strength with which any two molecules bind to each
other. As an example, consider a population of identical antibody molecules that
suddenly encounters a population of ligands diffusing in the fluid surrounding
them. At frequent intervals, one of the ligand molecules will bump into the bind-
ing site of an antibody and form an antibody-ligand complex. The population of
antibody-ligand complexes will therefore increase, but not without limit: over
time, a second process, in which individual complexes break apart because of
thermally induced motion, will become increasingly important. Eventually, any
population of antibody molecules and ligands will reach a steady state, or equi-
librium, in which the number of binding (association) events per second is pre-
cisely equal to the number of “unbinding” (dissociation) events (see Figure 2-52).

From the concentrations of the ligand, antibody, and antibody-ligand com-
plex at equilibrium, we can calculate a convenient measure—the equilibrium
constant (K)—of the strength of binding (Figure 3-43A). The equilibrium con-
stant for a reaction in which two molecules (A and B) bind to each other to form
a complex (AB) has units of liters/mole, and half of the binding sites will be
occupied by ligand when that ligand’s concentration (in moles/liter) reaches a
value that is equal to 1/K. This equilibrium constant is larger the greater the
binding strength, and it is a direct measure of the free-energy difference

(A)

5nm

Figure 3-41 An antibody molecule.

(A) A typical antibody molecule is
Y-shaped and has two identical binding
sites for its antigen, one on each arm of
the Y. The protein is composed of four
polypeptide chains (two identical heavy
chains and two identical and smaller light
chains) held together by disulfide bonds.
Each chain is made up of several different
immunoglobulin domains, here shaded
either blue or gray. The antigen-binding
site is formed where a heavy-chain
variable domain (Vu) and a light-chain
variable domain (V) come close
together. These are the domains that
differ most in their sequence and
structure in different antibodies. Each
domain at the end of the two arms of the
antibody molecule forms loops that bind
to the antigen. In (B) we can see these
fingerlike loops (red) contributed by the
VL domain.
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molecule A randomly encounters
other molecules (B, C, and D)

between the bound and free states (Figure 3-43B and C). Even a change of a few
noncovalent bonds can have a striking effect on a binding interaction, as shown
by the example in Figure 3-44. (Note that the equilibrium constant, as defined
here is also known as the association or affinity constant, K3.)

We have used the case of an antibody binding to its ligand to illustrate the
effect of binding strength on the equilibrium state, but the same principles
apply to any molecule and its ligand. Many proteins are enzymes, which, as we
now discuss, first bind to their ligands and then catalyze the breakage or forma-

tion of covalent bonds in these molecules.

Enzymes Are Powerful and Highly Specific Catalysts

Many proteins can perform their function simply by binding to another
molecule. An actin molecule, for example, need only associate with other actin

the surfaces of molecules A and B,
and A and C, are a poor match and
are capable of forming only a few
weak bonds; thermal motion rapidly
breaks them apart

the surfaces of molecules A and D
match well and therefore can form
enough weak bonds to withstand
thermal jolting; they therefore
stay bound to each other

Figure 3-42 How noncovalent bonds
mediate interactions between
macromolecules.

i po—
M + (B The relationship between Although joules and
. L. . free-energy differences and kilojoules (1000 joules) are
dissociation rate = dissociation | concentration equilibrium constants (37°C) standard units of ener
rate constant orAs equilibrium  free-energy  free-energy cell biologists usually r%‘f/'er
i iati - 3 - to free energy values in
dissociation rate = Kott [AB] constant difference  difference terms of calgl)'/ies and
7] [AB] of AB minus  of AB minus kilocalories.
association ——— =K freeenergy free energy
A + (B -~ A B [A][B] of A+B of A+B One kilocalorie (kcal) is
association rate = ssociation _concentration  concentration (liters/mole)  (kcal/mole) (kJ/mole) equal to 4.184 kilojoules
rate constant of A of B 1 ) ) (kJ).
L B 10 -1.4 -5.9 . .
association rate = kon [A] [B] 102 o8 119 The relationship between
3 ’ 17 the free-energy change,
10 -4.3 17.8 G dth liori
10% 5.7 237 AG, an t' e equilibrium
AT EQUILIBRIUM: 10° 71 -29.7 constant is
iati te < dissociati " 103 -8.5 -35.6 AG =-0.00458 T log K
association rate = dissociation rate 108 9.9 415 where AG is in kilocalories
kon [Al[B] = Koff [AB] 109 -11.3 -47.4 and T is the absolute
[AB] = Kon _ K = equilibrium constant 11810 jlzlg :ggi zg%pzragu;oecin Kelvins
AIB] ko O 10" -15.6 -65.3 =20
(A) (8) (@]

Figure 3-43 Relating binding energies to the equilibrium constant for an association reaction. (A) The equilibrium
between molecules A and B and the complex AB is maintained by a balance between the two opposing reactions shown in
panels 1 and 2. Molecules A and B must collide if they are to react, and the association rate is therefore proportional to the
product of their individual concentrations [A] x [B]. (Square brackets indicate concentration.) As shown in panel 3, the ratio
of the rate constants for the association and the dissociation reactions is equal to the equilibrium constant (K) for the
reaction. (B) The equilibrium constant in panel 3 is that for the reaction A + B = AB, and the larger its value, the stronger
the binding between A and B. Note that for every 1.41 kcal/mole (5.91 kJ/mole) decrease in free energy the equilibrium

constant increases by a factor of 10 at 37°C.

The equilibrium constant here has units of liters/mole: for simple binding interactions it is also called the affinity constant
or association constant, denoted K. The reciprocal of K, is called the dissociation constant, Kq (in units of moles/liter).
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molecules to form a filament. There are other proteins, however, for which lig-
and binding is only a necessary first step in their function. This is the case for the
large and very important class of proteins called enzymes. As described in
Chapter 2, enzymes are remarkable molecules that determine all the chemical
transformations that make and break covalent bonds in cells. They bind to one
or more ligands, called substrates, and convert them into one or more chemi-
cally modified products, doing this over and over again with amazing rapidity.
Enzymes speed up reactions, often by a factor of a million or more, without
themselves being changed—that is, they act as catalysts that permit cells to
make or break covalent bonds in a controlled way. It is the catalysis of organized
sets of chemical reactions by enzymes that creates and maintains the cell, mak-
ing life possible.

We can group enzymes into functional classes that perform similar chemical
reactions (Table 3-1). Each type of enzyme within such a class is highly specific,
catalyzing only a single type of reaction. Thus, hexokinase adds a phosphate
group to D-glucose but ignores its optical isomer L-glucose; the blood-clotting
enzyme thrombin cuts one type of blood protein between a particular arginine
and its adjacent glycine and nowhere else, and so on. As discussed in detail in
Chapter 2, enzymes work in teams, with the product of one enzyme becoming
the substrate for the next. The result is an elaborate network of metabolic path-
ways that provides the cell with energy and generates the many large and small
molecules that the cell needs (see Figure 2-35).

Substrate Binding Is the First Step in Enzyme Catalysis

For a protein that catalyzes a chemical reaction (an enzyme), the binding of each
substrate molecule to the protein is an essential prelude. In the simplest case, if
we denote the enzyme by E, the substrate by S, and the product by B, the basic
reaction path is E + S - ES — EP — E + P. From this reaction path, we see that
there is a limit to the amount of substrate that a single enzyme molecule can
process in a given time. An increase in the concentration of substrate also
increases the rate at which product is formed, up to a maximum value (Figure
3-45). At that point the enzyme molecule is saturated with substrate, and the
rate of reaction (Vinax) depends only on how rapidly the enzyme can process the
substrate molecule. This maximum rate divided by the enzyme concentration is

Table 3-1 Some Common Types of Enzymes

159

Consider 1000 molecules of A and
1000 molecules of B in a eucaryotic
cell. The concentration of both will
be about 107° M.

If the equilibrium constant (K)

for A + B = AB is 10'°, then one can

calculate that at equilibrium there
will be

270 270 730

molecules molecules molecules

If the equilibrium constant is a little

weaker at 108, which represents
a loss of 2.8 kcal/mole of binding
energy from the example

above, or 2-3 fewer hydrogen
bonds, then there will be

915 915 85

molecules molecules molecules

Figure 3-44 Small changes in the

number of weak bonds can have drastic

effects on a binding interaction. This

example illustrates the dramatic effect of
the presence or absence of a few weak

noncovalent bonds in a biological
context.

ENZYME REACTION CATALYZED

Hydrolases general term for enzymes that catalyze a hydrolytic cleavage reaction; nucleases and proteases
are more specific names for subclasses of these enzymes.

Nucleases break down nucleic acids by hydrolyzing bonds between nucleotides.

Proteases break down proteins by hydrolyzing bonds between amino acids.

Synthases synthesize molecules in anabolic reactions by condensing two smaller molecules together.

Isomerases catalyze the rearrangement of bonds within a single molecule.

Polymerases catalyze polymerization reactions such as the synthesis of DNA and RNA.

Kinases catalyze the addition of phosphate groups to molecules. Protein kinases are an important group
of kinases that attach phosphate groups to proteins.

Phosphatases catalyze the hydrolytic removal of a phosphate group from a molecule.

Oxido-Reductases

general name for enzymes that catalyze reactions in which one molecule is oxidized while the

other is reduced. Enzymes of this type are often more specifically named either oxidases,

reductases, or dehydrogenases.
ATPases

hydrolyze ATP. Many proteins with a wide range of roles have an energy-harnessing ATPase

activity as part of their function, for example, motor proteins such as myosin and membrane

transport proteins such as the sodium—-potassium pump.

Enzyme names typically end in “-ase," with the exception of some enzymes, such as pepsin, trypsin, thrombin and lysozyme that were discovered

and named before the convention became generally accepted at the end of the nineteenth century. The common name of an enzyme usually

indicates the substrate and the nature of the reaction catalyzed. For example, citrate synthase catalyzes the synthesis of citrate by a reaction

between acetyl CoA and oxaloacetate.
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Vimax

0.5Vmax

rate of reaction —

Km substrate concentration —»

called the turnover number. The turnover number is often about 1000 substrate
molecules processed per second per enzyme molecule, although turnover num-
bers between 1 and 10,000 are known.

The other kinetic parameter frequently used to characterize an enzyme is its
K, the concentration of substrate that allows the reaction to proceed at one-
half its maximum rate (0.5 Vinay) (see Figure 3—-45). A low Ky, value means that the
enzyme reaches its maximum catalytic rate at a low concentration of substrate
and generally indicates that the enzyme binds to its substrate very tightly,
whereas a high K, value corresponds to weak binding. The methods used to
characterize enzymes in this way are explained in Panel 3-3 (pp. 162-163).

Enzymes Speed Reactions by Selectively Stabilizing Transition
States

Enzymes achieve extremely high rates of chemical reaction—rates that are far
higher than for any synthetic catalysts. There are several reasons for this effi-
ciency. First, the enzyme increases the local concentration of substrate
molecules at the catalytic site and holds all the appropriate atoms in the correct
orientation for the reaction that is to follow. More importantly, however, some of
the binding energy contributes directly to the catalysis. Substrate molecules
must pass through a series of intermediate states of altered geometry and elec-
tron distribution before they form the ultimate products of the reaction. The free
energy required to attain the most unstable transition state is called the activa-
tion energy for the reaction, and it is the major determinant of the reaction rate.
Enzymes have a much higher affinity for the transition state of the substrate
than they have for the stable form. Because this tight binding greatly lowers the
energies of the transition state, the enzyme greatly accelerates a particular reac-
tion by lowering the activation energy that is required (Figure 3-46).

By intentionally producing antibodies that act like enzymes, we can
demonstrate that stabilizing a transition state can greatly increase a reaction
rate. Consider, for example, the hydrolysis of an amide bond, which is similar to
the peptide bond that joins two adjacent amino acids in a protein. In an aque-
ous solution, an amide bond hydrolyzes very slowly by the mechanism shown
in Figure 3-47A. In the central intermediate, or transition state, the carbonyl
carbon is bonded to four atoms arranged at the corners of a tetrahedron. By
generating monoclonal antibodies that bind tightly to a stable analog of this
very unstable tetrahedral intermediate, one can obtain an antibody that func-
tions like an enzyme (Figure 3-47B). Because this catalytic antibody binds to and
stabilizes the tetrahedral intermediate, it increases the spontaneous rate of
amide-bond hydrolysis more than 10,000-fold.

Enzymes Can Use Simultaneous Acid and Base Catalysis

Figure 3-48 compares the spontaneous reaction rates and the corresponding
enzyme-catalyzed rates for five enzymes. Rate accelerations range from 10° to
10%3. Clearly, enzymes are much better catalysts than catalytic antibodies.

Figure 3-45 Enzyme kinetics. The rate of
an enzyme reaction (V) increases as the
substrate concentration increases until a
maximum value (Vimay) is reached. At this
point all substrate-binding sites on the
enzyme molecules are fully occupied,
and the rate of reaction is limited by the
rate of the catalytic process on the
enzyme surface. For most enzymes, the
concentration of substrate (K, at which
the reaction rate is half-maximal (black
dot) is a measure of how tightly the
substrate is bound, with a large value of
Kmn corresponding to weak binding.

activation energy
for uncatalyzed reaction

ST
T A
EST
>
oS
3
c
¢ B
ES P
EP
progress
of reaction

activation energy
for catalyzed reaction

Figure 3-46 Enzymatic acceleration of
chemical reactions by decreasing the
activation energy. Often both the
uncatalyzed reaction (A) and the enzyme-
catalyzed reaction (B) can go through
several transition states. It is the
transition state with the highest energy
(ST and ES) that determines the
activation energy and limits the rate of
the reaction. (S = substrate; P = product
of the reaction; ES = enzyme-substrate
complex; EP = enzyme-product
complex.)
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(A) HYDROLYSIS OF AN AMIDE BOND
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Enzymes not only bind tightly to a transition state, they also contain precisely
positioned atoms that alter the electron distributions in those atoms that par-
ticipate directly in the making and breaking of covalent bonds. Peptide bonds,
for example, can be hydrolyzed in the absence of an enzyme by exposing a
polypeptide to either a strong acid or a strong base, as illustrated in Figure 3-49.
Enzymes are unique, however, in being able to use acid and base catalysis simul-
taneously, since the rigid framework of the protein binds the acidic and basic
residues and prevents them from combining with each other (as they would do
in solution) (Figure 3-49D).

The fit between an enzyme and its substrate needs to be precise. A small
change introduced by genetic engineering in the active site of an enzyme can
have a profound effect. Replacing a glutamic acid with an aspartic acid in one
enzyme, for example, shifts the position of the catalytic carboxylate ion by only
1 A (about the radius of a hydrogen atom); yet this is enough to decrease the
activity of the enzyme a thousandfold.

Lysozyme lllustrates How an Enzyme Works <AGCA>

To demonstrate how enzymes catalyze chemical reactions, we examine an
enzyme that acts as a natural antibiotic in egg white, saliva, tears, and other
secretions. Lysozyme catalyzes the cutting of polysaccharide chains in the cell
walls of bacteria. Because the bacterial cell is under pressure from osmotic
forces, cutting even a small number of polysaccharide chains causes the cell wall
to rupture and the cell to burst. Lysozyme is a relatively small and stable protein

half-time for reaction

1
0° years 1 year 1 sec msec  usec
I I I I I

‘ OMP decarboxylase ‘
‘ staphylococcal nuclease ‘

‘ adenosine deaminase ‘

Isomerase

carbonic
anhydrase

‘ triosephosphate ‘

L J
CATALYZED

UNCATALYZED
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Figure 3-47 Catalytic antibodies. The
stabilization of a transition state by an
antibody creates an enzyme. (A) The
reaction path for the hydrolysis of an
amide bond goes through a tetrahedral
intermediate, the high-energy transition
state for the reaction. (B) The molecule on
the left was covalently linked to a protein
and used as an antigen to generate an
antibody that binds tightly to the region
of the molecule shown in yellow. Because
this antibody also bound tightly to the
transition state in (A), it was found to
function as an enzyme that efficiently
catalyzed the hydrolysis of the amide
bond in the molecule on the right.

Figure 3-48 The rate accelerations
caused by five different enzymes.
(Adapted from A. Radzicka and

R. Wolfenden, Science 267:90-93, 1995.
With permission from AAAS.)
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WHY ANALYZE THE KINETICS OF ENZYMES?

Enzymes are the most selective and powerful catalysts known.
An understanding of their detailed mechanisms provides a
critical tool for the discovery of new drugs, for the large-scale
industrial synthesis of useful chemicals, and for appreciating
the chemistry of cells and organisms. A detailed study of the
rates of the chemical reactions that are catalyzed by a purified
enzyme—more specifically how these rates change with
changes in conditions such as the concentrations of substrates,
products, inhibitors, and regulatory ligands—allows

STEADY-STATE ENZYME KINETICS

Many enzymes have only one substrate, which they bind and
then process to produce products according to the scheme
outlined in Figure 3-50A. In this case, the reaction is written as

ks keat
— ES —8 E+P

k_q

E+S

Here we have assumed that the reverse reaction, in which E + P
recombine to form EP and then ES, occurs so rarely that we can
ignore it. In this case, EP need not be represented, and we can
express the rate of the reaction — known as its velocity, V, as

V = ke [ES]

where [ES] is the concentration of the enzyme-substrate complex,
and k,; is the turnover number, a rate constant that has a value
equal to the number of substrate molecules processed per
enzyme molecule each second.

But how does the value of [ES] relate to the concentrations that
we know directly, which are the total concentration of the
enzyme, [E,], and the concentration of the substrate, [S]? When
enzyme and substrate are first mixed, the concentration [ES] will
rise rapidly from zero to a so-called steady-state level, as
illustrated below.

concentrations —»

\

0 time —»
| I

T
pre-steady
state:

ES forming

T
steady state:
ES almost constant

PANEL 3-3: Some of the Methods Used to Study Enzymes

biochemists to figure out exactly how each enzyme works.
For example, this is the way that the ATP-producing reactions
of glycolysis, shown previously in Figure 2-72, were
deciphered—allowing us to appreciate the rationale for this
critical enzymatic pathway.

In this Panel, we introduce the important field of enzyme
kinetics, which has been indispensable for deriving much of
the detailed knowledge that we now have about cell
chemistry.

At this steady state, [ES] is nearly constant, so that

rate of ES formation
ky [EI[S]

rate of ES breakdown
k_q [ES] + k,¢ [ES]

or, since the concentration of the free enzyme, [E], is equal
to [Eo] - [ES],

k1 k1
—|EllS] = |————| [[E,] - [ESI]S]
k—1 + kcat k—1 + kcat

Rearranging, and defining the constant K, as

[ES] =

k—1 + kcat

ki

[E,]IS]
Ky + [S]

[ES] =

or, remembering that V = k., [ES], we obtain the famous
Michaelis-Menten equation

keat [Eo]IS]
Ky + [S]

As [S] is increased to higher and higher levels, essentially all of
the enzyme will be bound to substrate at steady state; at this
point, a maximum rate of reaction, V,,,,, will be reached where
V = Viax = Keat [Eol. Thus, it is convenient to rewrite the
Michaelis-Menten equation as

Vimax [S]
Ko + [S]
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THE DOUBLE-RECIPROCAL PLOT

A typical plot of V versus [S] for an enzyme that follows
Michaelis-Menten kinetics is shown below. From this plot,
neither the value of V,,,,, nor of K, is immediately clear.

SR

i

l

steady state velocity of
product formation (umole/second)

V=

2 4 6

[S] mmole/liter

To obtain V,,,, and K, from such data, a double-reciprocal
plot is often used, in which the Michaelis-Menten equation
has merely been rearranged, so that 1/V can be plotted versus
1/[S].

1/V (second/umole)

0.75
liter/mmole

[s]

THE SIGNIFICANCE OF Ky, kcat, and ket /K

As described in the text, K, is an approximate measure of
substrate affinity for the enzyme: it is numerically equal to
the concentration of [S] at V = 0.5 V,,,,,. In general, a lower
value of K, means tighter substrate binding. In fact, for
those cases where k,; is much smaller than k_q, the K, will
be equal to Ky, the dissociation constant for substrate
binding to the enzyme (Ky = 1/K,).

We have seen that k . is the turnover number for the
enzyme. At very low substrate concentrations, where
[S] << K, most of the enzyme is free. Thus we can think of
[E] = [E,], so that the Michaelis-Menten equation becomes
V = keat/ Ky [EI[S]. Thus, the ratio k ,/K,, is equivalent to the
rate constant for the reaction between free enzyme and
free substrate.

A comparison of k.,/K, for the same enzyme with
different substrates, or for two enzymes with their
different substrates, is widely used as a measure of enzyme
effectiveness.

For simplicity, in this Panel we have discussed enzymes
that have only one substrate, such as the lysozyme enzyme
described in the text (see p. 164). Most enzymes have two
substrates, one of which is often an active carrier
molecule—such as NADH or ATP.

A similar, but more complex, analysis is used to determine
the kinetics of such enzymes—allowing the order of substrate
binding and the presence of covalent intermediates along
the pathway to be revealed.

SOME ENZYMES ARE DIFFUSION LIMITED

The values of k., Kim, and kg, /K, for some selected
enzymes are given below:

k K k /K,
enzyme substrate cat m at=m
- (sec) (sec-TM-1)

acetylcholinesterase acetylcholine  1.4x10*  9x10™°  1.6x10°
catalase H,0, 4x10’ 1 4x10’

fumarase fumarate 8x10?  5x10° 1.6x108

Because an enzyme and its substrate must collide before
they can react, k /K, has a maximum possible value that is
limited by collision rates. If every collision forms an
enzyme-substrate complex, one can calculate from diffusion
theory that k. /K., will be between 108 and 10° sec'M~", in
the case where all subsequent steps proceed immediately.
Thus, it is claimed that enzymes like acetylcholinesterase and
fumarase are “perfect enzymes,” each enzyme having
evolved to the point where nearly every collision with its
substrate converts the substrate to a product.
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that can be easily isolated in large quantities. For these reasons, it has been
intensively studied, and it was the first enzyme to have its structure worked out
in atomic detail by x-ray crystallography.

The reaction that lysozyme catalyzes is a hydrolysis: it adds a molecule of
water to a single bond between two adjacent sugar groups in the polysaccharide
chain, thereby causing the bond to break (see Figure 2-19). The reaction is ener-
getically favorable because the free energy of the severed polysaccharide chain
is lower than the free energy of the intact chain. However, the pure polysaccha-
ride can remain for years in water without being hydrolyzed to any detectable
degree. This is because there is an energy barrier to the reaction, as discussed in
Chapter 2 (see Figure 2-46). A colliding water molecule can break a bond linking
two sugars only if the polysaccharide molecule is distorted into a particular
shape—the transition state—in which the atoms around the bond have an
altered geometry and electron distribution. Because of this distortion, random
collisions must supply a very large activation energy for the reaction to take
place. In an aqueous solution at room temperature, the energy of collisions
almost never exceeds the activation energy. Consequently, hydrolysis occurs
extremely slowly, if at all.

This situation changes drastically when the polysaccharide binds to
lysozyme. The active site of lysozyme, because its substrate is a polymer, is a long
groove that holds six linked sugars at the same time. As soon as the polysaccha-
ride binds to form an enzyme-substrate complex, the enzyme cuts the polysac-
charide by adding a water molecule across one of its sugar-sugar bonds. The
product chains are then quickly released, freeing the enzyme for further cycles
of reaction (Figure 3-50).

The chemistry of the binding of lysozyme to its substrate is the same as that
for antibody binding to its antigen—the formation of multiple noncovalent

Figure 3-50 The reaction catalyzed by lysozyme. (A) The enzyme
lysozyme (E) catalyzes the cutting of a polysaccharide chain, which is its
substrate (S). The enzyme first binds to the chain to form an
enzyme-substrate complex (ES) and then catalyzes the cleavage of a
specific covalent bond in the backbone of the polysaccharide, forming an
enzyme-product complex (EP) that rapidly dissociates. Release of the
severed chain (the products P) leaves the enzyme free to act on another
substrate molecule. (B) A space-filling model of the lysozyme molecule
bound to a short length of polysaccharide chain before cleavage.

(B, courtesy of Richard J. Feldmann.)

(A) S + E

Figure 3-49 Acid catalysis and base
catalysis. (A) The start of the uncatalyzed
reaction shown in Figure 3-47A, with
blue indicating electron distribution in
the water and carbonyl bonds. (B) An acid
likes to donate a proton (H*) to other
atoms. By pairing with the carbonyl
oxygen, an acid causes electrons to move
away from the carbonyl carbon, making
this atom much more attractive to the
electronegative oxygen of an attacking
water molecule. (C) A base likes to take
up H*. By pairing with a hydrogen of the
attacking water molecule, a base causes
electrons to move toward the water
oxygen, making it a better attacking
group for the carbonyl carbon. (D) By
having appropriately positioned atoms
on its surface, an enzyme can perform
both acid catalysis and base catalysis at
the same time.
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bonds. However, lysozyme holds its polysaccharide substrate in a particular way,
so that it distorts one of the two sugars in the bond to be broken from its normal,
most stable conformation. The bond to be broken is also held close to two
amino acids with acidic side chains (a glutamic acid and an aspartic acid) within
the active site.

Conditions are thereby created in the microenvironment of the lysozyme
active site that greatly reduce the activation energy necessary for the hydrolysis
to take place. Figure 3-51 shows three central steps in this enzymatically cat-
alyzed reaction.

1. The enzyme stresses its bound substrate, so that the shape of one sugar
more closely resembles the shape of high-energy transition states formed
during the reaction.

The negatively charged aspartic acid reacts with the C1 carbon atom on the
distorted sugar, and the glutamic acid donates its proton to the oxygen that
links this sugar to its neighbor. This breaks the sugar-sugar bond and
leaves the aspartic acid side chain covalently linked to the site of bond
cleavage.

Aided by the negatively charged glutamic acid, a water molecule reacts
with the C1 carbon atom, displacing the aspartic acid side chain and com-
pleting the process of hydrolysis.

The overall chemical reaction, from the initial binding of the polysaccharide
on the surface of the enzyme through the final release of the severed chains,
occurs many millions of times faster than it would in the absence of enzyme.

Other enzymes use similar mechanisms to lower activation energies and
speed up the reactions they catalyze. In reactions involving two or more reac-
tants, the active site also acts like a template, or mold, that brings the substrates
together in the proper orientation for a reaction to occur between them (Figure

SUBSTRATE

This substrate is an oligosaccharide of six sugars,
labeled A-F. Only sugars D and E are shown in detail.

CH,OH
Oﬁ/o e A
o

side chain
on sugar E

PRODUCTS

CH,OH

Asp 52 Asp 52

In the enzyme—-substrate complex (ES), the
enzyme forces sugar D into a strained
conformation, with Glu 35 positioned to serve as
an acid that attacks the adjacent sugar-sugar
bond by donating a proton (H*) to sugar E, and
Asp 52 poised to attack the C1 carbon atom.

The Asp 52 has formed a covalent bond between
the enzyme and the C1 carbon atom of sugar D.
The Glu 35 then polarizes a water molecule (red),
so that its oxygen can readily attack the C1
carbon atom and displace Asp 52.

165

Figure 3-51 Events at the active site of
lysozyme. <TGGT> The top left and top
right drawings show the free substrate
and the free products, respectively,
whereas the other three drawings show
the sequential events at the enzyme
active site. Note the change in the
conformation of sugar D in the
enzyme-substrate complex; this shape
change stabilizes the oxocarbenium
ion-like transition states required for
formation and hydrolysis of the covalent
intermediate shown in the middle panel.
It is also possible that a carbonium ion
intermediate forms in step 2, as the
covalent intermediate shown in the
middle panel has been detected only with
a synthetic substrate. (See D.J. Vocadlo et
al., Nature 412:835-838, 2001.)

The final products are an oligosaccharide of four sugars
(left) and a disaccharide (right), produced by hydrolysis.

O

CH,OH

CH,OH

g

- C\\ Asp 52
[C

The reaction of the water molecule (red)
completes the hydrolysis and returns the enzyme
to its initial state, forming the final enzyme-
product complex (EP).
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3-52A). As we saw for lysozyme, the active site of an enzyme contains precisely
positioned atoms that speed up a reaction by using charged groups to alter the
distribution of electrons in the substrates (Figure 3-52B). In addition, when a
substrate binds to an enzyme, bonds in the substrate often bend, changing the
substrate shape. These changes, along with mechanical forces, drive a substrate
toward a particular transition state (Figure 3-52C). Finally, like lysozyme, many
enzymes participate intimately in the reaction by briefly forming a covalent
bond between the substrate and a side chain of the enzyme. Subsequent steps
in the reaction restore the side chain to its original state, so that the enzyme
remains unchanged after the reaction (see also Figure 2-72).

Tightly Bound Small Molecules Add Extra Functions to Proteins

Although we have emphasized the versatility of proteins as chains of amino
acids that perform different functions, there are many instances in which the
amino acids by themselves are not enough. Just as humans employ tools to
enhance and extend the capabilities of their hands, proteins often use small
nonprotein molecules to perform functions that would be difficult or impossi-
ble to do with amino acids alone. Thus, the signal receptor protein rhodopsin,
which is made by the photoreceptor cells in the retina, detects light by means of
a small molecule, retinal, embedded in the protein (Figure 3-53A). Retinal
changes its shape when it absorbs a photon of light, and this change causes the
protein to trigger a cascade of enzymatic reactions that eventually lead to an
electrical signal being carried to the brain.

Another example of a protein that contains a nonprotein portion is
hemoglobin (see Figure 3-22). A molecule of hemoglobin carries four heme
groups, ring-shaped molecules each with a single central iron atom (Figure
3-53B). Heme gives hemoglobin (and blood) its red color. By binding reversibly
to oxygen gas through its iron atom, heme enables hemoglobin to pick up oxy-
gen in the lungs and release it in the tissues.

Sometimes these small molecules are attached covalently and permanently
to their protein, thereby becoming an integral part of the protein molecule itself.
We shall see in Chapter 10 that proteins are often anchored to cell membranes
through covalently attached lipid molecules. And membrane proteins exposed

C|OOH COOH

I I
CH, CH,
HsC CHs CH3 H5C CH;3
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H
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Figure 3-52 Some general strategies of
enzyme catalysis. (A) Holding substrates
together in a precise alignment.

(B) Charge stabilization of reaction
intermediates. (C) Applying forces that
distort bonds in the substrate to increase
the rate of a particular reaction.

Figure 3-53 Retinal and heme. (A) The
structure of retinal, the light-sensitive
molecule attached to rhodopsin in the
eye. (B) The structure of a heme group.
The carbon-containing heme ring is red
and the iron atom at its center is orange.
A heme group is tightly bound to each of
the four polypeptide chains in
hemoglobin, the oxygen-carrying protein
whose structure is shown in Figure 3-22.
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Table 3-2 Many Vitamins Provide Critical Coenzymes for Human Cells

Thiamine (vitamin B) thiamine pyrophosphate activation and transfer of aldehydes

Riboflavin (vitamin B,) FADH oxidation-reduction

Niacin NADH, NADPH oxidation-reduction

Pantothenic acid coenzyme A acyl group activation and transfer

Pyridoxine pyridoxal phosphate amino acid activation; also glycogen phosphorylase
Biotin biotin CO; activation and transfer

Lipoic acid lipoamide acyl group activation; oxidation-reduction

Folic acid tetrahydrofolate activation and transfer of single carbon groups
Vitamin By, cobalamin coenzymes isomerization and methyl group transfers

on the surface of the cell, as well as proteins secreted outside the cell, are often
modified by the covalent addition of sugars and oligosaccharides.

Enzymes frequently have a small molecule or metal atom tightly associated
with their active site that assists with their catalytic function. Carboxypeptidase,
for example, an enzyme that cuts polypeptide chains, carries a tightly bound
zinc ion in its active site. During the cleavage of a peptide bond by carboxypep-
tidase, the zinc ion forms a transient bond with one of the substrate atoms,
thereby assisting the hydrolysis reaction. In other enzymes, a small organic
molecule serves a similar purpose. Such organic molecules are often referred to
as coenzymes. An example is biotin, which is found in enzymes that transfer a
carboxylate group (-COO~) from one molecule to another (see Figure 2-63).
Biotin participates in these reactions by forming a transient covalent bond to the
—COO group to be transferred, being better suited to this function than any of
the amino acids used to make proteins. Because it cannot be synthesized by
humans, and must therefore be supplied in small quantities in our diet, biotin is
a vitamin. Many other coenzymes are produced from vitamins (Table 3-2). Vita-
mins are also needed to make other types of small molecules that are essential
components of our proteins; vitamin A, for example, is needed in the diet to
make retinal, the light-sensitive part of rhodopsin.

Molecular Tunnels Channel Substrates in Enzymes with Multiple
Catalytic Sites

Some of the chemical reactions catalyzed by enzymes in cells produce interme-
diates that are either very unstable or that could readily diffuse out of the cell
through the plasma membrane if released into the cytosol. To preserve these
intermediates, enzymes have evolved molecular tunnels that connect two or
more active sites, allowing the intermediate to be rapidly processed to a final
product—without ever leaving the enzyme.

Consider, for example, the enzyme carbamoyl phosphate synthetase, which
uses ammonia derived from glutamine plus two molecules of ATP to convert
bicarbonate (HCO3) to carbamoyl phosphate—an important intermediate in
several metabolic pathways (Figure 3-54). This enzyme contains three widely
separated active sites that are connected to each other by a tunnel. The reaction
starts at active site 2, located in the middle of the tunnel, where ATP is used to
phosphorylate (add a phosphate group to) bicarbonate, forming carboxy phos-
phate. This event triggers the hydrolysis of glutamine to glutamic acid at active
site 1, releasing ammonia into the tunnel. The ammonia immediately diffuses
through the first half of the tunnel to active site 2, where it reacts with the car-
boxyphosphate to form carbamate. This unstable intermediate then diffuses
through the second half of the tunnel to active site 3, where it is phosphorylated
by ATP to the final product, carbamoyl phosphate.
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Figure 3-54 The tunneling of reaction intermediates in the
enzyme carbamoyl phosphate synthetase. (A) Diagram of the
structure of the enzyme, in which a red ribbon has been used to
outline the tunnel on the inside of the protein connecting its three
active sites. The small and large subunits of this dimeric enzyme
are color coded yellow and blue, respectively. (B) The path of the
reaction. As indicated, active site 1 produces ammonia, which
diffuses through the tunnel to active site 2, where it combines
with carboxy phosphate to form carbamate. This highly unstable
intermediate then diffuses through the tunnel to active site 3,
where it is phosphorylated by ATP to produce the final product,
carbamoyl phosphate. (A, modified from F.M. Raushel, J.B. Thoden,
and H.M. Holden, Acc. Chem. Res. 36:539-548, 2003. With
permission from American Chemical Society.)
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Several other well characterized enzymes contain similar molecular tunnels.
Ammonia, a readily diffusable intermediate that might otherwise be lost from
the cell, is the substrate most frequently channeled in the examples thus far
known.

Multienzyme Complexes Help to Increase the Rate of Cell
Metabolism

The efficiency of enzymes in accelerating chemical reactions is crucial to the
maintenance of life. Cells, in effect, must race against the unavoidable pro-
cesses of decay, which—if left unattended—cause macromolecules to run
downhill toward greater and greater disorder. If the rates of desirable reactions
were not greater than the rates of competing side reactions, a cell would soon
die. We can get some idea of the rate at which cell metabolism proceeds by
measuring the rate of ATP utilization. A typical mammalian cell “turns over”
(i.e., hydrolyzes and restores by phosphorylation) its entire ATP pool once every
1 or 2 minutes. For each cell, this turnover represents the utilization of roughly
107 molecules of ATP per second (or, for the human body, about 1 gram of ATP
every minute).
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The rates of reactions in cells are rapid because enzyme catalysis is so effec-
tive. Many important enzymes have become so efficient that there is no possi-
bility of further useful improvement. The factor that limits the reaction rate is no
longer the enzyme’s intrinsic speed of action; rather, it is the frequency with
which the enzyme collides with its substrate. Such a reaction is said to be diffu-
sion-limited (see Panel 3-3, p. 162-163).

If an enzyme-catalyzed reaction is diffusion-limited, its rate depends on
the concentration of both the enzyme and its substrate. If a sequence of reac-
tions is to occur extremely rapidly, each metabolic intermediate and enzyme
involved must be present in high concentration. However, given the enormous
number of different reactions performed by a cell, there are limits to the con-
centrations that can be achieved. In fact, most metabolites are present in
micromolar (10 M) concentrations, and most enzyme concentrations are
much lower. How is it possible, therefore, to maintain very fast metabolic rates?

The answer lies in the spatial organization of cell components. The cell can
increase reaction rates without raising substrate concentrations by bringing the
various enzymes involved in a reaction sequence together to form a large pro-
tein assembly known as a multienzyme complex (Figure 3-55). Because this
allows the product of enzyme A to be passed directly to enzyme B, and so on, dif-
fusion rates need not be limiting, even when the concentrations of the sub-
strates in the cell as a whole are very low. It is perhaps not surprising, therefore,
that such enzyme complexes are very common, and they are involved in nearly
all aspects of metabolism—including the central genetic processes of DNA,
RNA, and protein synthesis. In fact, few enzymes in eucaryotic cells diffuse freely
in solution; instead, most seem to have evolved binding sites that concentrate
them with other proteins of related function in particular regions of the cell,
thereby increasing the rate and efficiency of the reactions that they catalyze.

Eucaryotic cells have yet another way of increasing the rate of metabolic
reactions: using their intracellular membrane systems. These membranes can
segregate particular substrates and the enzymes that act on them into the same
membrane-enclosed compartment, such as the endoplasmic reticulum or the
cell nucleus. If, for example, a compartment occupies a total of 10% of the vol-
ume of the cell, the concentration of reactants in that compartment may be
increased by 10 times compared with a cell with the same number of enzymes
and substrate molecules, but no compartmentalization. Reactions limited by
the speed of diffusion can thereby be speeded up by a factor of 10.

The Cell Regulates the Catalytic Activities of its Enzymes

A living cell contains thousands of enzymes, many of which operate at the same
time and in the same small volume of the cytosol. By their catalytic action, these
enzymes generate a complex web of metabolic pathways, each composed of
chains of chemical reactions in which the product of one enzyme becomes the
substrate of the next. In this maze of pathways, there are many branch points
(nodes) where different enzymes compete for the same substrate. The system is
so complex (see Figure 2-88) that elaborate controls are required to regulate
when and how rapidly each reaction occurs.

+24 molecules of
pyruvate decarboxylase

8 trimers of +12 molecules of
lipoamide reductase- dihydrolipoyl
transacetylase dehydrogenase

169

Figure 3-55 The structure of pyruvate
dehydrogenase. This enzyme complex
catalyzes the conversion of pyruvate to
acetyl CoA, as part of the pathway that
oxidizes sugars to CO; and H0 (see Figure
2-79). Itis an example of a large
multienzyme complex in which reaction
intermediates are passed directly from one
enzyme to another.

LCY Biotechnology Holding, Inc.

Ex. 1008
Page 51 of 240



170 Chapter 3: Proteins

Regulation occurs at many levels. At one level, the cell controls how many
molecules of each enzyme it makes by regulating the expression of the gene that
encodes that enzyme (discussed in Chapter 7). The cell also controls enzymatic
activities by confining sets of enzymes to particular subcellular compartments,
enclosed by distinct membranes (discussed in Chapters 12 and 14). As will be
discussed later in this chapter, enzymes are frequently covalently modified to
control their activity. The rate of protein destruction by targeted proteolysis rep-
resents yet another important regulatory mechanism (see p. 395). But the most
general process that adjusts reaction rates operates through a direct, reversible
change in the activity of an enzyme in response to the specific small molecules
that it encounters.

The most common type of control occurs when a molecule other than one
of the substrates binds to an enzyme at a special regulatory site outside the
active site, thereby altering the rate at which the enzyme converts its substrates
to products. For example, in feedback inhibition a product produced late in a
reaction pathway inhibits an enzyme that acts earlier in the pathway. Thus,
whenever large quantities of the final product begin to accumulate, this product
binds to the enzyme and slows down its catalytic action, thereby limiting the fur-
ther entry of substrates into that reaction pathway (Figure 3-56). Where path-
ways branch or intersect, there are usually multiple points of control by differ-
ent final products, each of which works to regulate its own synthesis (Figure
3-57). Feedback inhibition can work almost instantaneously, and it is rapidly
reversed when the level of the product falls.
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Figure 3-56 Feedback inhibition of a
single biosynthetic pathway. The end-
product Z inhibits the first enzyme that is
unique to its synthesis and thereby
controls its own level in the cell. This is an
example of negative regulation.

Figure 3-57 Multiple feedback
inhibition. In this example, which shows
the biosynthetic pathways for four
different amino acids in bacteria, the red
arrows indicate positions at which
products feed back to inhibit enzymes.
Each amino acid controls the first enzyme
specific to its own synthesis, thereby
controlling its own levels and avoiding a
wasteful, or even dangerous, buildup of
intermediates. The products can also
separately inhibit the initial set of
reactions common to all the syntheses; in
this case, three different enzymes
catalyze the initial reaction, each
inhibited by a different product.
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Feedback inhibition is negative regulation: it prevents an enzyme from act-
ing. Enzymes can also be subject to positive regulation, in which a regulatory
molecule stimulates the enzyme’s activity rather than shutting the enzyme
down. Positive regulation occurs when a product in one branch of the metabolic
network stimulates the activity of an enzyme in another pathway. As one exam-
ple, the accumulation of ADP activates several enzymes involved in the oxida-
tion of sugar molecules, thereby stimulating the cell to convert more ADP to ATP.

Allosteric Enzymes Have Two or More Binding Sites That Interact

A striking feature of both positive and negative feedback regulation is that the reg-
ulatory molecule often has a shape totally different from the shape of the substrate
of the enzyme. This is why the effect on a protein is termed allostery (from the
Greek words allos, meaning “other,” and stereos, meaning “solid” or “three-dimen-
sional”). As biologists learned more about feedback regulation, they recognized
that the enzymes involved must have at least two different binding sites on their
surface—an active site that recognizes the substrates, and a regulatory site that
recognizes a regulatory molecule. These two sites must somehow communicate so
that the catalytic events at the active site can be influenced by the binding of the
regulatory molecule at its separate site on the protein’s surface.

The interaction between separated sites on a protein molecule is now
known to depend on a conformational change in the protein: binding at one of
the sites causes a shift from one folded shape to a slightly different folded shape.
During feedback inhibition, for example, the binding of an inhibitor at one site
on the protein causes the protein to shift to a conformation that incapacitates its
active site, located elsewhere in the protein.

It is thought that most protein molecules are allosteric. They can adopt two
or more slightly different conformations, and a shift from one to another caused
by the binding of a ligand can alter their activity. This is true not only for
enzymes but also for many other proteins, including receptors, structural pro-
teins, and motor proteins. In all instances of allosteric regulation, each confor-
mation of the protein has somewhat different surface contours, and the protein’s
binding sites for ligands are altered when the protein changes shape. Moreover
as we discuss next, each ligand will stabilize the conformation that it binds to
most strongly, and thus—at high enough concentrations—will tend to “switch”
the protein toward the conformation that the ligand prefers.

Two Ligands Whose Binding Sites Are Coupled Must Reciprocally
Affect Each Other’s Binding

The effects of ligand binding on a protein follow from a fundamental chemical
principle known as linkage. Suppose, for example, that a protein that binds glu-
cose also binds another molecule, X, at a distant site on the protein’s surface. If
the binding site for X changes shape as part of the conformational change
induced by glucose binding, the binding sites for X and for glucose are said to be
coupled. Whenever two ligands prefer to bind to the same conformation of an
allosteric protein, it follows from basic thermodynamic principles that each lig-
and must increase the affinity of the protein for the other. Thus, if the shift of the
protein in Figure 3-58 to the closed conformation that binds glucose best also
causes the binding site for X to fit X better, then the protein will bind glucose
more tightly when X is present than when X is absent.

Conversely, linkage operates in a negative way if two ligands prefer to bind
to different conformations of the same protein. In this case, the binding of the
first ligand discourages the binding of the second ligand. Thus, if a shape change
caused by glucose binding decreases the affinity of a protein for molecule X, the
binding of X must also decrease the protein’s affinity for glucose (Figure 3-59).
The linkage relationship is quantitatively reciprocal, so that, for example, if glu-
cose has a very large effect on the binding of X, X has a very large effect on the
binding of glucose.
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The relationships shown in Figures 3-58 and 3-59 apply to all proteins, and
they underlie all of cell biology. They seem so obvious in retrospect that we now
take it for granted. But the discovery of linkage in studies of a few enzymes in the
1950s, followed by an extensive analysis of allosteric mechanisms in proteins in
the early 1960s, had a revolutionary effect on our understanding of biology.
Since molecule X in these examples binds at a site on the enzyme that is distinct
from the site where catalysis occurs, it need have no chemical relationship to
glucose or to any other ligand that binds at the active site. Moreover, as we have
just seen, for enzymes that are regulated in this way, molecule X can either turn
the enzyme on (positive regulation) or turn it off (negative regulation). By such
a mechanism, allosteric proteins serve as general switches that, in principle,
allow one molecule in a cell to affect the fate of any other.

Symmetric Protein Assemblies Produce Cooperative Allosteric
Transitions

A single-subunit enzyme that is regulated by negative feedback can at most
decrease from 90% to about 10% activity in response to a 100-fold increase in the
concentration of an inhibitory ligand that it binds (Figure 3-60, red line).
Responses of this type are apparently not sharp enough for optimal cell regula-
tion, and most enzymes that are turned on or off by ligand binding consist of
symmetric assemblies of identical subunits. With this arrangement, the binding
of a molecule of ligand to a single site on one subunit can promote an allosteric
change in the entire assembly that helps the neighboring subunits bind the
same ligand. As a result, a cooperative allosteric transition occurs (Figure 3-60,
blue line), allowing a relatively small change in ligand concentration in the cell
to switch the whole assembly from an almost fully active to an almost fully inac-
tive conformation (or vice versa).
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Figure 3-58 Positive regulation caused
by conformational coupling between
two distant binding sites. In this
example, both glucose and molecule X
bind best to the closed conformation of a
protein with two domains. Because both
glucose and molecule X drive the protein
toward its closed conformation, each
ligand helps the other to bind. Glucose
and molecule X are therefore said to bind
cooperatively to the protein.

Figure 3-59 Negative regulation caused
by conformational coupling between
two distant binding sites. The scheme
here resembles that in the previous
figure, but here molecule X prefers the
open conformation, while glucose prefers
the closed conformation. Because glucose
and molecule X drive the protein toward
opposite conformations (closed and
open, respectively), the presence of
either ligand interferes with the binding
of the other.
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The principles involved in a cooperative “all-or-none” transition are the
same for all proteins, whether or not they are enzymes. But they are perhaps eas-
iest to visualize for an enzyme that forms a symmetric dimer. In the example
shown in Figure 3-61, the first molecule of an inhibitory ligand binds with great
difficulty since its binding disrupts an energetically favorable interaction
between the two identical monomers in the dimer. A second molecule of
inhibitory ligand now binds more easily, however, because its binding restores
the energetically favorable monomer-monomer contacts of a symmetric dimer
(this also completely inactivates the enzyme).

As an alternative to this induced fit model for a cooperative allosteric transi-
tion, we can view such a symmetrical enzyme as having only two possible con-
formations, corresponding to the “enzyme on” and “enzyme off” structures in
Figure 3-61. In this view, ligand binding perturbs an all-or-none equilibrium
between these two states, thereby changing the proportion of active molecules.
Both models represent true and useful concepts; it is the second model that we
shall describe next.

The Allosteric Transition in Aspartate Transcarbamoylase Is
Understood in Atomic Detail

One enzyme used in the early studies of allosteric regulation was aspartate
transcarbamoylase from E. coli. It catalyzes the important reaction that begins
the synthesis of the pyrimidine ring of C, U, and T nucleotides: carbamoyl phos-
phate + aspartate — N-carbamoylaspartate. One of the final products of this
pathway, cytosine triphosphate (CTP), binds to the enzyme to turn it off when-
ever CTP is plentiful.

Aspartate transcarbamoylase is a large complex of six regulatory and six cat-
alytic subunits. The catalytic subunits form two trimers, each arranged in the
shape of an equilateral triangle; the two trimers face each other and are held

Figure 3-61 A cooperative allosteric transition in an enzyme composed
of two identical subunits. This diagram illustrates how the conformation of
one subunit can influence that of its neighbor. The binding of a single
molecule of an inhibitory ligand (yellow) to one subunit of the enzyme
occurs with difficulty because it changes the conformation of this subunit
and thereby disrupts the symmetry of the enzyme. Once this
conformational change has occurred, however, the energy gained by
restoring the symmetric pairing interaction between the two subunits
makes it especially easy for the second subunit to bind the inhibitory
ligand and undergo the same conformational change. Because the binding
of the first molecule of ligand increases the affinity with which the other
subunit binds the same ligand, the response of the enzyme to changes in
the concentration of the ligand is much steeper than the response of an
enzyme with only one subunit (see Figure 3-60).

173

Figure 3-60 Enzyme activity versus the
concentration of inhibitory ligand for
single-subunit and multisubunit
allosteric enzymes. For an enzyme with a
single subunit (red line), a drop from 90%
enzyme activity to 10% activity (indicated
by the two dots on the curve) requires a
100-fold increase in the concentration of
inhibitor. The enzyme activity is
calculated from the simple equilibrium
relationship K = [IP]/[1][P], where P is
active protein, | is inhibitor, and IP is the
inactive protein bound to inhibitor. An
identical curve applies to any simple
binding interaction between two
molecules, A and B. In contrast, a
multisubunit allosteric enzyme can
respond in a switchlike manner to a
change in ligand concentration: the steep
response is caused by a cooperative
binding of the ligand molecules, as
explained in Figure 3-61. Here, the green
line represents the idealized result
expected for the cooperative binding of
two inhibitory ligand molecules to an
allosteric enzyme with two subunits, and
the blue line shows the idealized
response of an enzyme with four
subunits. As indicated by the two dots on
each of these curves, the more complex
enzymes drop from 90% to 10% activity
over a much narrower range of inhibitor
concentration than does the enzyme
composed of a single subunit.
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together by three regulatory dimers that form a bridge between them. The entire
molecule is poised to undergo a concerted, all-or-none, allosteric transition
between two conformations, designated as T (tense) and R (relaxed) states (Fig-
ure 3-62).

The binding of substrates (carbamoyl phosphate and aspartate) to the cat-
alytic trimers drives aspartate transcarbamoylase into its catalytically active R
state, from which the regulatory CTP molecules dissociate. By contrast, the
binding of CTP to the regulatory dimers converts the enzyme to the inactive T
state, from which the substrates dissociate. This tug-of-war between CTP and
substrates is identical in principle to that described previously in Figure 3-59 for
a simpler allosteric protein. But because the tug-of-war occurs in a symmetric
molecule with multiple binding sites, the enzyme undergoes a cooperative
allosteric transition that will turn it on suddenly as substrates accumulate (form-
ing the R state) or shut it off rapidly when CTP accumulates (forming the T state).

A combination of biochemistry and x-ray crystallography has revealed many
fascinating details of this allosteric transition. Each regulatory subunit has two
domains, and the binding of CTP causes the two domains to move relative to
each other, so that they function like a lever that rotates the two catalytic trimers
and pulls them closer together into the T state (see Figure 3-62). When this
occurs, hydrogen bonds form between opposing catalytic subunits. This helps
widen the cleft that forms the active site within each catalytic subunit, thereby
disrupting the binding sites for the substrates (Figure 3-63). Adding large
amounts of substrate has the opposite effect, favoring the R state by binding in
the cleft of each catalytic subunit and opposing the above conformational
change. Conformations that are intermediate between R and T are unstable, so
that the enzyme mostly clicks back and forth between its R and T forms, pro-
ducing a mixture of these two species in proportions that depend on the relative
concentrations of CTP and substrates.

Figure 3-62 The transition between

R and T states in the enzyme aspartate
transcarbamoylase. <CTAA> The enzyme
consists of a complex of six catalytic
subunits and six regulatory subunits, and
the structures of its inactive (T state) and
active (R state) forms have been
determined by x-ray crystallography. The
enzyme is turned off by feedback
inhibition when CTP concentrations rise.
Each regulatory subunit can bind one
molecule of CTP, which is one of the final
products in the pathway. By means of this
negative feedback regulation, the pathway
is prevented from producing more CTP
than the cell needs. (Based on K.L. Krause,
K.W. Volz and W.N. Lipscomb, Proc. Nat/
Acad. Sci. U.S.A. 82:1643-1647, 1985.

With permission from National Academy
of Sciences.)
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Many Changes in Proteins Are Driven by Protein Phosphorylation

Proteins are regulated by more than the reversible binding of other molecules. A
second method that eucaryotic cells use to regulate a protein’s function is the
covalent addition of a smaller molecule to one or more of its amino acid side
chains. The most common such regulatory modification in higher eucaryotes is
the addition of a phosphate group. We shall therefore use protein phosphoryla-
tion to illustrate some of the general principles involved in the control of protein
function through the modification of amino acid side chains.

A phosphorylation event can affect the protein that is modified in two
important ways. First, because each phosphate group carries two negative
charges, the enzyme-catalyzed addition of a phosphate group to a protein can
cause a major conformational change in the protein by, for example, attracting
a cluster of positively charged amino acid side chains. This can, in turn, affect
the binding of ligands elsewhere on the protein surface, dramatically changing
the protein’s activity. When a second enzyme removes the phosphate group, the
protein returns to its original conformation and restores its initial activity.

Second, an attached phosphate group can form part of a structure that the
binding sites of other proteins recognize. As previously discussed, certain pro-
tein domains, sometimes referred to as modules, appear very frequently as parts
of larger proteins. One such module is the SH2 domain, described earlier, which
binds to a short peptide sequence containing a phosphorylated tyrosine side
chain (see Figure 3-39B). More than ten other common domains provide bind-
ing sites for attaching their protein to phosphorylated peptides in other protein
molecules, each recognizing a phosphorylated amino acid side chain in a differ-
ent protein context. As a result, protein phosphorylation and dephosphoryla-
tion very often drive the regulated assembly and disassembly of protein com-
plexes (see Figure 15-22).

Reversible protein phosphorylation controls the activity, structure, and
cellular localization of both enzymes and many other types of proteins in
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Figure 3-63 Part of the on-off switch in
the catalytic subunits of aspartate
transcarbamoylase. Changes in the
indicated hydrogen-bonding interactions
are partly responsible for switching this
enzyme's active site between active
(yellow) and inactive conformations.
Hydrogen bonds are indicated by thin red
lines. The amino acids involved in the
subunit-subunit interaction in the T state
are shown in red, while those that form
the active site of the enzyme in the R state
are shown in blue. The large drawings
show the catalytic site in the interior of
the enzyme; the boxed sketches show the
same subunits viewed from the enzyme’s
external surface. (Adapted from

E.R. Kantrowitz and W.N. Lipscomb, Trends
Biochem. Sci. 15:53-59, 1990. With
permission from Elsevier.)
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eucaryotic cells. In fact, this regulation is so extensive that more than one-third
of the 10,000 or so proteins in a typical mammalian cell are thought to be phos-
phorylated at any given time—many with more than one phosphate. As might
be expected, the addition and removal of phosphate groups from specific pro-
teins often occur in response to signals that specify some change in a cell’s state.
For example, the complicated series of events that takes place as a eucaryotic
cell divides is largely timed in this way (discussed in Chapter 17), and many of
the signals mediating cellcell interactions are relayed from the plasma mem-
brane to the nucleus by a cascade of protein phosphorylation events (discussed
in Chapter 15).

A Eucaryotic Cell Contains a Large Collection of Protein Kinases
and Protein Phosphatases

Protein phosphorylation involves the enzyme-catalyzed transfer of the terminal
phosphate group of an ATP molecule to the hydroxyl group on a serine, threo-
nine, or tyrosine side chain of the protein (Figure 3-64). A protein kinase cat-
alyzes this reaction, and the reaction is essentially unidirectional because of the
large amount of free energy released when the phosphate-phosphate bond in
ATP is broken to produce ADP (discussed in Chapter 2). A protein phosphatase
catalyzes the reverse reaction of phosphate removal, or dephosphorylation. Cells
contain hundreds of different protein kinases, each responsible for phosphory-
lating a different protein or set of proteins. There are also many different protein
phosphatases; some are highly specific and remove phosphate groups from only
one or a few proteins, whereas others act on a broad range of proteins and are
targeted to specific substrates by regulatory subunits. The state of phosphoryla-
tion of a protein at any moment, and thus its activity, depends on the relative
activities of the protein kinases and phosphatases that modify it.

The protein kinases that phosphorylate proteins in eucaryotic cells belong
to a very large family of enzymes, which share a catalytic (kinase) sequence of
about 290 amino acids. The various family members contain different amino
acid sequences on either end of the kinase sequence (for example, see Figure
3-10), and often have short amino acid sequences inserted into loops within it
(red arrowheads in Figure 3-65). Some of these additional amino acid sequences
enable each kinase to recognize the specific set of proteins it phosphorylates, or
to bind to structures that localize it in specific regions of the cell. Other parts of
the protein regulate the activity of each kinase, so it can be turned on and off in
response to different specific signals, as described below.

By comparing the number of amino acid sequence differences between the
various members of a protein family, we can construct an “evolutionary tree”
that is thought to reflect the pattern of gene duplication and divergence that
gave rise to the family. Figure 3-66 shows an evolutionary tree of protein
kinases. Kinases with related functions are often located on nearby branches of
the tree: the protein kinases involved in cell signaling that phosphorylate tyro-
sine side chains, for example, are all clustered in the top left corner of the tree.
The other kinases shown phosphorylate either a serine or a threonine side
chain, and many are organized into clusters that seem to reflect their function—
in transmembrane signal transduction, intracellular signal amplification, cell-
cycle control, and so on.

Figure 3-65 The three-dimensional structure of a protein kinase.
Superimposed on this structure are red arrowheads to indicate sites where
insertions of 5-100 amino acids are found in some members of the protein
kinase family. These insertions are located in loops on the surface of the
enzyme where other ligands interact with the protein. Thus, they
distinguish different kinases and confer on them distinctive interactions
with other proteins. The ATP (which donates a phosphate group) and the
peptide to be phosphorylated are held in the active site, which extends
between the phosphate-binding loop (yellow) and the catalytic loop
(orange). See also Figure 3-10. (Adapted from D.R. Knighton et al., Science
253:407-414, 1991. With permission from AAAS.)
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Figure 3-64 Protein phosphorylation.
Many thousands of proteins in a typical
eucaryotic cell are modified by the covalent
addition of a phosphate group.

(A) The general reaction, shown here,
transfers a phosphate group from ATP to an
amino acid side chain of the target protein
by a protein kinase. Removal of the
phosphate group is catalyzed by a second
enzyme, a protein phosphatase. In this
example, the phosphate is added to a serine
side chain; in other cases, the phosphate is
instead linked to the -OH group of a
threonine or a tyrosine in the protein.

(B) The phosphorylation of a protein by a
protein kinase can either increase or
decrease the protein’s activity, depending
on the site of phosphorylation and the
structure of the protein.
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As a result of the combined activities of protein kinases and protein phos-
phatases, the phosphate groups on proteins are continually turning over—being
added and then rapidly removed. Such phosphorylation cycles may seem waste-
ful, but they are important in allowing the phosphorylated proteins to switch
rapidly from one state to another: the more rapid the cycle, the faster a popula-
tion of protein molecules can change its state of phosphorylation in response to
a sudden change in the phosphorylation rate (see Figure 15-11). The energy
required to drive this phosphorylation cycle is derived from the free energy of
ATP hydrolysis, one molecule of which is consumed for each phosphorylation
event.

The Regulation of Cdk and Src Protein Kinases Shows How a
Protein Can Function as a Microchip

The hundreds of different protein kinases in a eucaryotic cell are organized into
complex networks of signaling pathways that help to coordinate the cell’s activ-
ities, drive the cell cycle, and relay signals into the cell from the cell’s environ-
ment. Many of the extracellular signals involved need to be both integrated and
amplified by the cell. Individual protein kinases (and other signaling proteins)
serve as input-output devices, or “microchips,” in the integration process. An
important part of the input to these signal processing proteins comes from the
control that is exerted by phosphates added and removed from them by protein
kinases and protein phosphatases, respectively.

In general, specific sets of phosphate groups serve to activate the protein,
while other sets can inactivate it. A cyclin-dependent protein kinase (Cdk) pro-
vides a good example. Kinases in this class phosphorylate serines and threonines,
and they are central components of the cell-cycle control system in eucaryotic
cells, as discussed in detail in Chapter 17. In a vertebrate cell, individual Cdk pro-
teins turn on and off in succession, as a cell proceeds through the different
phases of its division cycle. When a particular kinase is on, it influences various
aspects of cell behavior through effects on the proteins it phosphorylates.

A Cdk protein becomes active as a serine/threonine protein kinase only
when it is bound to a second protein called a cyclin. But, as Figure 3-67 shows,
the binding of cyclin is only one of three distinct “inputs” required to activate the
Cdk. In addition to cyclin binding, a phosphate must be added to a specific thre-
onine side chain, and a phosphate elsewhere in the protein (covalently bound to
a specific tyrosine side chain) must be removed. Cdk thus monitors a specific set

dependent kinase
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Figure 3-66 An evolutionary tree of
selected protein kinases. Although a
higher eucaryotic cell contains hundreds
of such enzymes, and the human
genome codes for more than 500, only
some of those discussed in this book are
shown.

INPUTS
has this has this is cyclin
phosphate phosphate
been removed?| | been added? present?

1L

Cdk kinase activity turns on only if the
answers to all of the above questions
are yes

OUTPUT

Figure 3-67 How a Cdk protein acts as
an integrating device. <TAGA> The
function of these central regulators of the
cell cycle is discussed in Chapter 17.
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of cell components—a cyclin, a protein kinase, and a protein phosphatase—and
it acts as an input—output device that turns on if, and only if, each of these com-
ponents has attained its appropriate activity state. Some cyclins rise and fall in
concentration in step with the cell cycle, increasing gradually in amount until
they are suddenly destroyed at a particular point in the cycle. The sudden
destruction of a cyclin (by targeted proteolysis) immediately shuts off its partner
Cdk enzyme, and this triggers a specific step in the cell cycle.

The Src family of protein kinases (see Figure 3-10) exhibits a similar type of
microchip behavior. The Src protein (pronounced “sarc” and named for the type
of tumor, a sarcoma, that its deregulation can cause) was the first tyrosine
kinase to be discovered. It is now known to be part of a subfamily of nine very
similar protein kinases, which are found only in multicellular animals. As indi-
cated by the evolutionary tree in Figure 3-66, sequence comparisons suggest
that tyrosine kinases as a group were a relatively late innovation that branched
off from the serine/threonine kinases, with the Src subfamily being only one
subgroup of the tyrosine kinases created in this way.

The Src protein and its relatives contain a short N-terminal region that
becomes covalently linked to a strongly hydrophobic fatty acid, which holds the
kinase at the cytoplasmic face of the plasma membrane. Next come two pep-
tide-binding modules, a Src homology 3 (SH3) domain and a SH2 domain, fol-
lowed by the kinase catalytic domain (Figure 3-68). These kinases normally exist
in an inactive conformation, in which a phosphorylated tyrosine near the C-ter-
minus is bound to the SH2 domain, and the SH3 domain is bound to an internal
peptide in a way that distorts the active site of the enzyme and helps to render it
inactive.

Turning the kinase on involves at least two specific inputs: removal of the C-
terminal phosphate and the binding of the SH3 domain by a specific activating
protein (Figure 3-69). Like the activation of the Cdk protein, the activation of
the Src kinase signals the completion of a particular set of separate upstream
events (Figure 3-70). Thus, both the Cdk and Src families of proteins serve as
specific signal integrators, helping to generate the complex web of information-
processing events that enable the cell to compute logical responses to a complex
set of conditions.

Proteins That Bind and Hydrolyze GTP Are Ubiquitous Cellular
Regulators

We have described how the addition or removal of phosphate groups on a protein
can be used by a cell to control the protein’s activity. In the examples discussed so
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Figure 3-68 The domain structure of the
Src family of protein kinases, mapped
along the amino acid sequence. For the
three-dimensional structure of Src, see
Figure 3-10.

Figure 3-69 The activation of a Src-type
protein kinase by two sequential events.
(Adapted from S.C. Harrison et al., Cell
112:737-740, 2003. With permission from
Elsevier.)
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far, the phosphate is transferred from an ATP molecule to an amino acid side
chain of the protein in a reaction catalyzed by a specific protein kinase. Eucary-
otic cells also have another way to control protein activity by phosphate addi-
tion and removal. In this case, the phosphate is not attached directly to the pro-
tein; instead, it is a part of the guanine nucleotide GTP, which binds very tightly
to the protein. In general, proteins regulated in this way are in their active con-
formations with GTP bound. The loss of a phosphate group occurs when the
bound GTP is hydrolyzed to GDP in a reaction catalyzed by the protein itself,
and in its GDP-bound state the protein is inactive. In this way, GTP-binding pro-
teins act as on-off switches whose activity is determined by the presence or
absence of an additional phosphate on a bound GDP molecule (Figure 3-71).

GTP-binding proteins (also called GTPases because of the GTP hydrolysis
they catalyze) comprise a large family of proteins that all contain variations on
the same GTP-binding globular domain. When the tightly bound GTP is
hydrolyzed to GDBP, this domain undergoes a conformational change that inac-
tivates it. The three-dimensional structure of a prototypical member of this fam-
ily, the monomeric GTPase called Ras, is shown in Figure 3-72.

The Ras protein has an important role in cell signaling (discussed in Chap-
ter 15). In its GTP-bound form, it is active and stimulates a cascade of protein
phosphorylations in the cell. Most of the time, however, the protein is in its inac-
tive, GDP-bound form. It becomes active when it exchanges its GDP for a GTP
molecule in response to extracellular signals, such as growth factors, that bind to
receptors in the plasma membrane (see Figure 15-58).

Regulatory Proteins Control the Activity of GTP-Binding Proteins
by Determining Whether GTP or GDP Is Bound

GTP-binding proteins are controlled by regulatory proteins that determine
whether GTP or GDP is bound, just as phosphorylated proteins are turned on
and off by protein kinases and protein phosphatases. Thus, Ras is inactivated by
a GTPase-activating protein (GAP), which binds to the Ras protein and induces
it to hydrolyze its bound GTP molecule to GDP—which remains tightly bound—
and inorganic phosphate (P;), which is rapidly released. The Ras protein stays in
its inactive, GDP-bound conformation until it encounters a guanine nucleotide
exchange factor (GEF), which binds to GDP-Ras and causes it to release its GDP.
Because the empty nucleotide-binding site is immediately filled by a GTP
molecule (GTP is present in large excess over GDP in cells), the GEF activates Ras
by indirectly adding back the phosphate removed by GTP hydrolysis. Thus, in a
sense, the roles of GAP and GEF are analogous to those of a protein phosphatase
and a protein kinase, respectively (Figure 3-73).

Large Protein Movements Can Be Generated From Small Ones

The Ras protein belongs to a large superfamily of monomeric GTPases, each of
which consists of a single GTP-binding domain of about 200 amino acids. Over
the course of evolution, this domain has also become joined to larger proteins
with additional domains, creating a large family of GTP-binding proteins. Fam-
ily members include the receptor-associated trimeric G proteins involved in
cell signaling (discussed in Chapter 15), proteins regulating the traffic of vesi-
cles between intracellular compartments (discussed in Chapter 13), and pro-
teins that bind to transfer RNA and are required as assembly factors for protein

117,

’ P
/ I
-~

GTP
HYDROLYSIS

ACTIVE

INACTIVE

INACTIVE ACTIVE

179

INPUTS

has this has this has this
phosphate binding been || phosphate
been removed?|| disrupted? ||been added?

Src-type protein kinase activity turns on
fully only if the answers to all of the
above questions are yes

OUTPUT

Figure 3-70 How a Src-type protein
kinase acts as an integrating device. The
disruption of the SH3 domain interaction
(green) involves replacing its binding to
the indicated red linker region with a
tighter interaction with an activating
ligand, as illustrated in Figure 3-69.

Figure 3-71 GTP-binding proteins as
molecular switches. The activity of a
GTP-binding protein (also called a
GTPase) generally requires the presence
of a tightly bound GTP molecule (switch
“on”). Hydrolysis of this GTP molecule
produces GDP and inorganic phosphate
(Py), and it causes the protein to convert
to a different, usually inactive,
conformation (switch “off”). As shown
here, resetting the switch requires the
tightly bound GDP to dissociate, a slow
step that is greatly accelerated by specific
signals; once the GDP has dissociated, a
molecule of GTP is quickly rebound.
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site of GTP
hydrolysis

synthesis on the ribosome (discussed in Chapter 6). In each case, an important
biological activity is controlled by a change in the protein’s conformation that is
caused by GTP hydrolysis in a Ras-like domain.

The EF-Tu protein provides a good example of how this family of proteins
works. EF-Tu is an abundant molecule that serves as an elongation factor (hence
the EF) in protein synthesis, loading each aminoacyl tRNA molecule onto the
ribosome. The tRNA molecule forms a tight complex with the GTP-bound form
of EF-Tu (Figure 3-74). In this complex, the amino acid attached to the tRNA is
improperly positioned for protein synthesis. The tRNA can transfer its amino
acid only after the GTP bound to EF-Tu is hydrolyzed on the ribosome, allowing
the EF-Tu to dissociate. Since the GTP hydrolysis is triggered by a proper fit of
the tRNA to the mRNA molecule on the ribosome, the EF-Tu serves as a factor
that discriminates between correct and incorrect mRNA-tRNA pairings (see Fig-
ure 6-67 for a further discussion of this function of EF-Tu).

By comparing the three-dimensional structure of EF-Tu in its GTP-bound
and GDP-bound forms, we can see how the repositioning of the tRNA occurs.
The dissociation of the inorganic phosphate group (P;), which follows the reac-
tion GTP — GDP + Pj, causes a shift of a few tenths of a nanometer at the GTP-
binding site, just as it does in the Ras protein. This tiny movement, equivalent to
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Figure 3-72 The structure of the Ras
protein in its GTP-bound form. <GAAC>
This monomeric GTPase illustrates the
structure of a GTP-binding domain, which
is present in a large family of GTP-binding
proteins. The red regions change their
conformation when the GTP molecule is
hydrolyzed to GDP and inorganic
phosphate by the protein; the GDP
remains bound to the protein, while the
inorganic phosphate is released. The
special role of the “switch helix”in
proteins related to Ras is explained next
(see Figure 3-75).

Figure 3-73 A comparison of the two
major intracellular signaling
mechanisms in eucaryotic cells. In both
cases, a signaling protein is activated by
the addition of a phosphate group and
inactivated by the removal of this
phosphate. To emphasize the similarities
in the two pathways, ATP and GTP are
drawn as APPP and GPPP, and ADP and
GDP as APP and GPP, respectively. As
shown in Figure 3-64, the addition of a
phosphate to a protein can also be
inhibitory.
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Figure 3-74 An aminoacyl tRNA molecule bound to EF-Tu. The three
domains of the EF-Tu protein are colored differently, to match Figure 3-75.
This is a bacterial protein; however, a very similar protein exists in
eucaryotes, where it is called EF-1. (Coordinates determined by P. Nissen et
al., Science 270:1464-1472, 1995. With permission from AAAS.)

a few times the diameter of a hydrogen atom, causes a conformational change
to propagate along a crucial piece of a helix, called the switch helix, in the Ras-
like domain of the protein. The switch helix seems to serve as a latch that
adheres to a specific site in another domain of the molecule, holding the protein
in a “shut” conformation. The conformational change triggered by GTP hydrol-
ysis causes the switch helix to detach, allowing separate domains of the protein
to swing apart, through a distance of about 4 nm. This releases the bound tRNA
molecule, allowing its attached amino acid to be used (Figure 3-75).

Notice in this example how cells have exploited a simple chemical change
that occurs on the surface of a small protein domain to create a movement 50
times larger. Dramatic shape changes of this type also cause the very large move-
ments that occur in motor proteins, as we discuss next.

Motor Proteins Produce Large Movements in Cells

We have seen that conformational changes in proteins have a central role in
enzyme regulation and cell signaling. We now discuss proteins whose major
function is to move other molecules. These motor proteins generate the forces
responsible for muscle contraction and the crawling and swimming of cells.
Motor proteins also power smaller-scale intracellular movements: they help to
move chromosomes to opposite ends of the cell during mitosis (discussed in
Chapter 17), to move organelles along molecular tracks within the cell (discussed
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Figure 3-75 The large conformational change in EF-Tu caused by GTP hydrolysis. <GTAA> (A) The three-dimensional structure of EF-Tu with
GTP bound. The domain at the top has a structure similar to the Ras protein, and its red o helix is the switch helix, which moves after GTP
hydrolysis. (B) The change in the conformation of the switch helix in domain 1 causes domains 2 and 3 to rotate as a single unit by about 90°
toward the viewer, which releases the tRNA that was shown bound to this structure in Figure 3-74. (A, adapted from H. Berchtold et al., Nature
365:126-132, 1993. With permission from Macmillan Publishers Ltd. B, courtesy of Mathias Sprinzl and Rolf Hilgenfeld.)
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in Chapter 16), and to move enzymes along a DNA strand during the synthesis
of a new DNA molecule (discussed in Chapter 5). All these fundamental pro-
cesses depend on proteins with moving parts that operate as force-generating
machines.

How do these machines work? In other words, how do cells use shape
changes in proteins to generate directed movements? If, for example, a protein
is required to walk along a narrow thread such as a DNA molecule, it can do this
by undergoing a series of conformational changes, such as those shown in Fig-
ure 3-76. But with nothing to drive these changes in an orderly sequence, they
are perfectly reversible, and the protein can only wander randomly back and
forth along the thread. We can look at this situation in another way. Since the
directional movement of a protein does work, the laws of thermodynamics (dis-
cussed in Chapter 2) demand that such movement use free energy from some
other source (otherwise the protein could be used to make a perpetual motion
machine). Therefore, without an input of energy, the protein molecule can only
wander aimlessly.

How can the cell make such a series of conformational changes unidirec-
tional? To force the entire cycle to proceed in one direction, it is enough to make
any one of the changes in shape irreversible. Most proteins that are able to walk
in one direction for long distances achieve this motion by coupling one of the
conformational changes to the hydrolysis of an ATP molecule bound to the pro-
tein. The mechanism is similar to the one just discussed that drives allosteric
protein shape changes by GTP hydrolysis. Because ATP (or GTP) hydrolysis
releases a great deal of free energy, it is very unlikely that the nucleotide-binding
protein will undergo the reverse shape change needed for moving backward—
since this would require that it also reverse the ATP hydrolysis by adding a phos-
phate molecule to ADP to form ATP.

In the model shown in Figure 3-77, ATP binding shifts a motor protein from
conformation 1 to conformation 2. The bound ATP is then hydrolyzed to pro-
duce ADP and inorganic phosphate (P;), causing a change from conformation 2
to conformation 3. Finally, the release of the bound ADP and P; drives the pro-
tein back to conformation 1. Because the energy provided by ATP hydrolysis
drives the transition 2 — 3, this series of conformational changes is effectively
irreversible. Thus, the entire cycle goes in only one direction, causing the protein
molecule to walk continuously to the right in this example.

Many motor proteins generate directional movement in this general way,
including the muscle motor protein myosin, which walks along actin filaments
to generate muscle contraction, and the kinesin proteins that walk along micro-
tubules (both discussed in Chapter 16). These movements can be rapid: some of
the motor proteins involved in DNA replication (the DNA helicases) propel
themselves along a DNA strand at rates as high as 1000 nucleotides per second.

Membrane-Bound Transporters Harness Energy to Pump
Molecules Through Membranes

We have thus far seen how allosteric proteins can act as microchips (Cdk and Src
kinases), as assembly factors (EF-Tu), and as generators of mechanical force and
motion (motor proteins). Allosteric proteins can also harness energy derived
from ATP hydrolysis, ion gradients, or electron transport processes to pump spe-
cific ions or small molecules across a membrane. We consider one example here;
others will be discussed in Chapter 11.

The ABC transporters constitute an important class of membrane-bound
pump proteins. In humans at least 48 different genes encode them. These trans-
porters mostly function to export hydrophobic molecules from the cytoplasm,

Figure 3-77 An allosteric motor protein. The transition between three
different conformations includes a step driven by the hydrolysis of a bound
ATP molecule, and this makes the entire cycle essentially irreversible. By
repeated cycles, the protein therefore moves continuously to the right
along the thread.

Figure 3-76 An allosteric “walking”
protein. Although its three different
conformations allow it to wander
randomly back and forth while bound to
a thread or a filament, the protein cannot
move uniformly in a single direction.
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serving to remove toxic molecules at the mucosal surface of the intestinal tract,
for example, or at the blood-brain barrier. The study of ABC transporters is of
intense interest in clinical medicine, because the overproduction of proteins in
this class contributes to the resistance of tumor cells to chemotherapeutic
drugs. And in bacteria, the same type of proteins primarily function to import
essential nutrients into the cell.

The ABC transporter is a tetramer, with a pair of membrane-spanning sub-
units linked to a pair of ATP binding subunits located just below the plasma
membrane (Figure 3-78A). As in other examples we have discussed, the hydrol-
ysis of the bound ATP molecules drives conformational changes in the protein,
transmitting forces that cause the membrane-spanning subunits to move their
bound molecules across the lipid bilayer (Figure 3-78B).

Humans have invented many different types of mechanical pumps, and it
should not be surprising that cells also contain membrane-bound pumps that
function in other ways. Among the most notable are the rotary pumps that
couple the hydrolysis of ATP to the transport of H* ions (protons). These pumps
resemble miniature turbines, and they are used to acidify the interior of lyso-
somes and other eucaryotic organelles. Like other ion pumps that create ion gra-
dients, they can function in reverse to catalyze the reaction ADP + P; — ATD, if the
gradient across their membrane of the ion that they transport is steep enough.

One such pump, the ATP synthase, harnesses a gradient of proton concen-
tration produced by electron transport processes to produce most of the ATP
used in the living world. This ubiquitous pump has a central role in energy con-
version, and we shall discuss its three-dimensional structure and mechanism in
Chapter 14.

1 e
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Figure 3-78 The ABC (ATP-binding
cassette) transporter, a protein machine
that pumps large hydrophobic molecules
through a membrane. (A) The bacterial
BtuCD protein, which imports vitamin By
into E. coli using the energy of ATP
hydrolysis. The binding of two molecules of
ATP clamps together the two ATP-binding
subunits. The structure is shown in its ADP-
bound state, where the channel to the
extracellular space can be seen to be open
but the gate to the cytosol remains closed.
(B) Schematic illustration of substrate
pumping by ABC transporters. In bacteria,
the binding of a substrate molecule to the
extracellular face of the protein complex
triggers ATP hydrolysis followed by ADP
release, which opens the cytoplasmic gate;
the pump is then reset for another cycle. In
eucaryotes, an opposite process occurs,
causing substrate molecules to be pumped
out of the cell. (A, adapted from K.P. Locher,
Curr. Opin. Struct. Biol. 14:426-441, 2004.
With permission from Elsevier.)
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Proteins Often Form Large Complexes That Function as Protein
Machines <ACTT> <ATCG>

Large proteins formed from many domains are able to perform more elaborate
functions than small, single-domain proteins. But large protein assemblies
formed from many protein molecules perform the most impressive tasks. Now
that it is possible to reconstruct most biological processes in cell-free systems in
the laboratory, it is clear that each of the central processes in a cell—such as
DNA replication, protein synthesis, vesicle budding, or transmembrane signal-
ing—is catalyzed by a highly coordinated, linked set of 10 or more proteins. In
most such protein machines, an energetically favorable reaction such as the
hydrolysis of bound nucleoside triphosphates (ATP or GTP) drives an ordered
series of conformational changes in one or more of the individual protein sub-
units, enabling the ensemble of proteins to move coordinately. In this way, each
enzyme can be moved directly into position, as the machine catalyzes succes-
sive reactions in a series. This is what occurs, for example, in protein synthesis
on a ribosome (discussed in Chapter 6)—or in DNA replication, where a large
multiprotein complex moves rapidly along the DNA (discussed in Chapter 5).
Cells have evolved protein machines for the same reason that humans have
invented mechanical and electronic machines. For accomplishing almost any
task, manipulations that are spatially and temporally coordinated through
linked processes are much more efficient than the use of individual tools.

Protein Machines with Interchangeable Parts Make Efficient Use
of Genetic Information

To probe more deeply into the nature of protein machines, we shall consider a
relatively simple one: the SCF ubiquitin ligase. This protein complex binds dif-
ferent “target proteins” at different times in the cell cycle, and it covalently adds
multiubiquitin polypeptide chains to these proteins. Its C-shaped structure is
formed from five protein subunits, the largest of which is a molecule that serves
as a scaffold protein on which the rest of the structure is built. The structure
underlies a remarkable mechanism (Figure 3-79). At one end of the C is an E2
ubiquitin-conjugating enzyme. At the other end is a substrate-binding arm, a
subunit known as an F-box protein. These two subunits are separated by a gap of
about 5 nm. When this protein complex is activated, the F-box protein binds to
a specific site on a target protein, positioning the protein in the gap so that some
of its lysine side chains contact the ubiquitin-conjugating enzyme. This enzyme
can then catalyze the repeated addition of a ubiquitin polypeptide to these
lysines (see Figure 3-79C), producing a polyubiquitin chain that marks the tar-
get protein for rapid destruction in a proteasome (see p. 393).

In this manner, specific proteins are targeted for rapid destruction in
response to specific signals, thereby helping to drive the cell cycle (discussed in
Chapter 17). The timing of the destruction often involves creating a specific pat-
tern of phosphorylation on the target protein that is required for its recognition
by the F-box subunit. It also requires the activation of an SCF ubiquitin ligase
that carries the appropriate substrate-binding arm. Many of these arms (the F-
box subunits) are interchangeable in the protein complex (see Figure 3-79B),
and there are more than 70 human genes that encode them.

As emphasized previously, once a successful protein has evolved, its genetic
information tends to be duplicated to produce a family of related proteins. Thus,
for example, not only are there many F-box proteins—making possible the
recognition of different sets of target proteins—but there is also a family of scaf-
folds (known as cullins) that give rise to a family of SCF-like ubiquitin ligases.

The pressure on organisms to minimize the number of genes (see p. 265) pre-
sumably helps to explain why RNA splicing is so prevalent in higher eucaryotes,
allowing multiple related proteins to be synthesized from a single gene (dis-
cussed in Chapter 6). A protein machine like the SCF ubiquitin ligase, with its
interchangeable parts, likewise makes economical use of the genetic information
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F-box protein E2 ubiquitin- target protein Figure 3-79 The structure and mode of
adaptor (substrate-binding arm) conjugating action of a SCF ubiquitin ligase. (A) The
protein 2 enzyme structure of the five-protein complex that

ubiquitin includes an E2 ubiquitin ligase. The
protein denoted here as adapter protein
1 is the Rbx1/Hrt1 protein, adaptor
protein 2 is the Skp1 protein, and the
cullin is the Cul1 protein. (B) Comparison
of the same complex with two different
substrate-binding arms, the F-box
proteins Skp2 (top) and B-trCP1 (bottom),
respectively. (C) The binding and
, ubiquitylation of a target protein by the
SCF ubiquitin ligase. If, as indicated, a
chain of ubiquitin molecules is added to
the same lysine of the target protein, that
protein is marked for rapid destruction by
the proteasome. (A and B, adapted from
3‘ G.Wu et al,, Mol. Cell 11:1445-1456, 2003.
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in cells, inasmuch as new functions can evolve for the entire complex simply by
producing an alternative version of one of its subunits.

Q) ubiquitin ligase

The Activation of Protein Machines Often Involves Positioning
Them at Specific Sites

As scientists have learned more of the details of cell biology, they have recog-
nized increasing degrees of sophistication in cell chemistry. Thus, not only do we
now know that protein machines play a predominant role, but it has recently
become clear that most of these machines form at specific sites in the cell, being
activated only where and when they are needed. Using fluorescent, GFP-tagged
fusion proteins in living cells (see p. 593), cell biologists are able to follow the
repositioning of individual proteins that occurs in response to specific signals.
Thus, when certain extracellular signaling molecules bind to receptor proteins
in the plasma membrane, they often recruit a set of other proteins to the inside
surface of the plasma membrane to form protein machines that pass the signal
on. As an example, Figure 3-80A illustrates the rapid movement of a protein
kinase C (PKC) enzyme to a complex in the plasma membrane, where it associ-
ates with specific substrate proteins that it phosphorylates.

There are more than 10 distinct PKC enzymes in human cells, which differ
both in their mode of regulation and in their functions. When activated, these
enzymes move from the cytoplasm to different intracellular locations, forming
specific complexes with other proteins that allow them to phosphorylate differ-
ent protein substrates (Figure 3-80B). The SCF ubiquitin ligases can also move
to specific sites of function at appropriate times. As will be explained when we
discuss cell signaling in Chapter 15, the mechanisms frequently involve protein
phosphorylation, as well as scaffold proteins that link together a set of activat-
ing, inhibiting, adaptor, and substrate proteins at a specific location in a cell.

This general phenomenon is known as induced proximity, and it explains
the otherwise puzzling observation that slightly different forms of enzymes
with the same catalytic site will often have very different biological functions.
Cells change the locations of their proteins by covalently modifying them in a
variety of different ways, as part of a “regulatory code” to be described next.
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These modifications create sites on proteins that bind them to particular scaf-
fold proteins, thereby clustering the proteins required for particular reactions in
specific regions of the cell. Most biological reactions are catalyzed by sets of 5 or
more proteins, and such a clustering of proteins is often required for the reac-
tion to occur. Scaffolds thereby allow cells to compartmentalize reactions even
in the absence of membranes. Although only recently recognized as a
widespread phenomenon, this type of clustering is particularly obvious in the
cell nucleus (see Figure 4-69).

Many scaffolds appear to be quite different from the cullin illustrated previ-
ously in Figure 3-79: rather than holding their bound proteins in precise posi-
tions relative to each other, the interacting proteins are linked by unstructured
regions of polypeptide chain. This tethers the proteins together, causing them to
collide frequently with each other in random orientations—some of which will
lead to a productive reaction (Figure 3-80C). In essence, this mechanism greatly
speeds reactions by creating a very high local concentration of the reacting
species. For this reason, the use of scaffold proteins represents an especially ver-
satile way of controlling cell chemistry (see also Figure 15-61).

Many Proteins Are Controlled by Multisite Covalent Modification

We have thus far described only one type of posttranslational modification of
proteins—that in which a phosphate is covalently attached to an amino acid
side chain (see Figure 3-64). But a large number of other such modifications also
occur, more than 200 distinct types being known. To give a sense of the variety,
Table 3-3 presents a subset of modifying groups with known regulatory roles. As

Table 3-3 Some Molecules Covalently Attached to Proteins Regulate Protein Function

MODIFYING GROUP SOME PROMINENT FUNCTIONS

Phosphate on Ser, Thr, or Tyr
Methyl on Lys

di-, or tri-methyl lysine (see Figure 4-38).
Acetyl on Lys
Palmityl group on Cys

Figure 10-20).
N-acetylglucosamine on Ser or Thr
Ubiquitin on Lys

(see Figure 13-58).

Figure 3-80 The assembly of protein
machines at specific sites in a cell.

(A) In response to a signal (here a phorbol
ester), the gamma subspecies of protein
kinase C moves rapidly from the cytosol
to the plasma membrane. The protein
kinase is fluorescent in these living cells
because an engineered gene inside the
cell encodes a fusion protein that links
the kinase to green fluorescent protein
(GFP). (B) The specific association of a
different subspecies of protein kinase C
(aPKC) with the apical tip of a
differentiating neuroblast in an early
Drosophila embryo. The kinase is stained
red, and the cell nucleus green.

(C) Diagram illustrating how a simple
proximity created by scaffold proteins
can greatly speed reactions in a cell. In
this example, long unstructured regions
of polypeptide chain in a large scaffold
protein connect a series of structured
domains that bind a set of reacting
proteins. The unstructured regions serve
as flexible “tethers” that greatly speed
reaction rates by causing a rapid, random
collision of all of the proteins that are
bound to the scaffold. (For a simple
example of tethering, see Figure 16-38.)
(A, from N. Sakai et al, J. Cell Biol.
139:1465-1476, 1997. With permission
from The Rockefeller University Press.

B, courtesy of Andreas Wodarz, Institute
of Genetics, University of Disseldorf,
Germany.)

Drives the assembly of a protein into larger complexes (see Figure 15-19).
Helps to creates histone code in chromatin through forming either mono-,

Helps to creates histone code in chromatin (see Figure 4-38).
This fatty acid addition drives protein association with membranes (see

Controls enzyme activity and gene expression in glucose homeostasis.
Monoubiquitin addition regulates the transport of membrane proteins in vesicles

A polyubiquitin chain targets a protein for degradation (see Figure 3-79).

Ubiquitin is a 76 amino acid polypeptide; there are at least 10 other ubiquitin-related proteins, such as SUMO, that modify proteins in similar ways.
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in phosphate addition, these groups are added and then removed from proteins
according to the needs of the cell.

Alarge number of proteins are now known to be modified on more than one
amino acid side chain, with different regulatory events producing a different pat-
tern of such modifications. A striking example is the protein p53, which plays a
central part in controlling a cell’s response to adverse circumstances (see p. 1105).
Through one of four different types of molecular additions, this protein can be
modified at 20 different sites (Figure 3-81A). Because an enormous number of
different combinations of these 20 modifications are possible, the protein’s
behavior can in principle be altered in a huge number of ways. Moreover, the
pattern of modifications on a protein can determine its susceptibility to further
modification, as illustrated by histone H3 in Figure 3-81B.

Cell biologists have only recently come to recognize that each protein’s set of
covalent modifications constitutes an important combinatorial regulatory code.
As specific modifying groups are added to or removed from a protein, this code
causes a different set of protein behaviors—changing the activity or stability of
the protein, its binding partners, and its specific location within the cell (Figure
3-81C). This helps the cell respond rapidly and with great versatility to changes
in its condition or environment.

A Complex Network of Protein Interactions Underlies Cell
Function

There are many challenges facing cell biologists in this “post-genome” era when
complete genome sequences are known. One is the need to dissect and recon-
struct each one of the thousands of protein machines that exist in an organism
such as ourselves. To understand these remarkable protein complexes, each
must be reconstituted from its purified protein parts, so that we can study its
detailed mode of operation under controlled conditions in a test tube, free from

Figure 3-81 Multisite protein
modification and its effects. A protein
that carries a post-translational addition
to more than one of its amino acid side
chains can be considered to carry a
combinatorial regulatory code. (A) The
pattern of known covalent modifications
to the protein p53; ubiquitin and SUMO
are related polypeptides (see Table 3-3).
(B) The possible modifications on the first
20 amino acids at the N-terminus of
histone H3, showing not only their
locations but also their activating (blue)
and inhibiting (red) effects on the
addition of neighboring covalent
modifications. In addition to the effects
shown, the acetylation and methylation
of a lysine are mutually exclusive
reactions (see Figure 4-38). (C) Diagram
showing the general manner in which
multisite modifications are added to (and
removed from) a protein through
signaling networks, and how the
resulting combinatorial regulatory code
on the protein is read to alter its behavior
in the cell.
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all other cell components. This alone is a massive task. But we now know that
each of these subcomponents of a cell also interacts with other sets of macro-
molecules, creating a large network of protein—protein and protein—nucleic acid
interactions throughout the cell. To understand the cell, therefore, we need to
analyze most of these other interactions as well.

We can gain some idea of the complexity of intracellular protein networks
from a particularly well-studied example described in Chapter 16: the many
dozens of proteins that interact with the actin cytoskeleton in the yeast Saccha-
romyces cerevisiae (see Figure 16-18). The extent of such protein—protein inter-
actions can also be estimated more generally. An enormous amount of valuable
information is now freely available in protein databases on the Internet: tens of
thousands of three-dimensional protein structures plus tens of millions of pro-
tein sequences derived from the nucleotide sequences of genes. Scientists have
been developing new methods for mining this great resource to increase our
understanding of cells. In particular, computer-based bioinformatics tools are
being combined with robotics and microarray technologies (see p. 574) to allow
thousands of proteins to be investigated in a single set of experiments. Pro-
teomics is a term that is often used to describe such research focused on the
large-scale analysis of proteins, analogous to the term genomics describing the
large-scale analysis of DNA sequences and genes.

Biologists use two different large-scale methods to map the direct binding
interactions between the many different proteins in a cell. The initial method of
choice was based on genetics: through an ingenious technique known as the
yeast two-hybrid screen (see Figure 8-24), tens of thousands of interactions
between thousands of proteins have been mapped in yeast, a nematode, and the
fruit fly Drosophila. More recently, a biochemical method based on affinity tag-
ging and mass spectroscopy has gained favor (discussed in Chapter 8), because
it appears to produce fewer spurious results. The results of these and other anal-
yses that predict protein binding interactions have been tabulated and orga-
nized in Internet databases. This allows a cell biologist studying a small set of
proteins to readily discover which other proteins in the same cell are thought to
bind to, and thus interact with, that set of proteins. When displayed graphically
as a protein interaction map, each protein is represented by a box or dot in a two-
dimensional network, with a straight line connecting those proteins that have
been found to bind to each other.

When hundreds or thousands of proteins are displayed on the same map,
the network diagram becomes bewilderingly complicated, serving to illustrate
how much more we have to learn before we can claim to really understand the
cell. Much more useful are small subsections of these maps, centered on a few
proteins of interest. Thus, Figure 3—82 shows a network of protein—protein inter-
actions for the five proteins that form the SCF ubiquitin ligase in a yeast cell (see
Figure 3-79). Four of the subunits of this ligase are located at the bottom right of
Figure 3-82. The remaining subunit, the F-box protein that serves as its sub-
strate-binding arm, appears as a set of 15 different gene products that bind to
adaptor protein 2 (the Skp1 protein). Along the top and left of the figure are sets
of additional protein interactions marked with yellow and green shading: as indi-
cated, these protein sets function at the origin of DNA replication, in cell cycle
regulation, in methionine synthesis, in the kinetochore, and in vacuolar H*-
ATPase assembly. We shall use this figure to explain how such protein interaction
maps are used, and what they do and do not mean.

1. Protein interaction maps are useful for identifying the likely function of
previously uncharacterized proteins. Examples are the products of the
genes that have thus far only been inferred to exist from the yeast genome
sequence, which are the six proteins in the figure that lack a simple three-
letter abbreviation (white letters beginning with Y). One, the product of so-
called open reading frame YDR196C, is located in the origin of replication
group, and it is therefore likely to have a role in starting new replication
forks. The remaining five in this diagram are F-box proteins that bind to
Skp1; these are therefore likely to function as part of the ubiquitin ligase,
serving as substrate-binding arms that recognize different target proteins.
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However, as we discuss next, neither assignment can be considered certain
without additional data.

2. Protein interaction networks need to be interpreted with caution because,
as a result of evolution making efficient use of each organism’s genetic
information, the same protein can be used as part of two different protein
complexes that have different types of functions. Thus, although protein A
binds to protein B and protein B binds to protein C, proteins A and C need
not function in the same process. For example, we know from detailed bio-
chemical studies that the functions of Skp1 in the kinetochore and in vac-
uolar H*-ATPase assembly (yellow shading) are separate from its function
in the SCF ubiquitin ligase. In fact, only the remaining three functions of
Skpl illustrated in the diagram—methionine synthesis, cell cycle regula-
tion, and origin of replication (green shading)—involve ubiquitylation.

3. In cross-species comparisons, those proteins displaying similar patterns
of interactions in the two protein interaction maps are likely to have the
same function in the cell. Thus, as scientists generate more and more
highly detailed maps for multiple organisms, the results will become
increasingly useful for inferring protein function. These map comparisons
are a particularly powerful tool for deciphering the functions of human
proteins. There is a vast amount of direct information about protein func-
tion that can be obtained from genetic engineering, mutational, and
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Figure 3-82 A map of some protein- protein interactions of the SCF ubiquitin ligase and other proteins in the yeast

S. cerevisiae. The symbols and/or colors used for the 5 proteins of the ligase are those in Figure 3-79. Note that 15 different
F-box proteins are shown (purple); those with white lettering (beginning with Y) are only known from the genome
sequence as open reading frames. For additional details, see text. (Courtesy of Peter Bowers and David Eisenberg,
UCLA-DOE Institute for Genomics and Proteomics, UCLA.)
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Figure 3-83 A network of protein-binding interactions in a yeast cell.
Each line connecting a pair of dots (proteins) indicates a protein—protein
interaction. (From A. Guimera and M. Sales—Pardo, Mol. Syst. Biol. 2:42, 2006.
With permission from Macmillan Publishers Ltd.)

genetic analyses in model organisms—such as yeast, worms, and flies—
that is not available in humans.

The available data suggest that a typical protein in a human cell may inter-
act with between 5 and 15 different partners. Often, each of the different
domains in a multidomain protein binds to a different set of partners; in fact, we
can speculate that the unusually extensive multidomain structures observed for
human proteins may have evolved to facilitate these interactions. Given the
enormous complexity of the interacting networks of macromolecules in cells
(Figure 3-83), deciphering their full functional meaning may well keep scien-
tists busy for centuries.

Summary

Proteins can form enormously sophisticated chemical devices, whose functions largely
depend on the detailed chemical properties of their surfaces. Binding sites for ligands
are formed as surface cavities in which precisely positioned amino acid side chains are
brought together by protein folding. In this way, normally unreactive amino acid side
chains can be activated to make and break covalent bonds. Enzymes are catalytic pro-
teins that greatly speed up reaction rates by binding the high-energy transition states
for a specific reaction path; they also perform acid catalysis and base catalysis simul-
taneously. The rates of enzyme reactions are often so fast that they are limited only by
diffusion; rates can be further increased if enzymes that act sequentially on a substrate
are joined into a single multienzyme complex, or if the enzymes and their substrates
are confined to the same compartment of the cell.

Proteins reversibly change their shape when ligands bind to their surface. The
allosteric changes in protein conformation produced by one ligand affect the binding
of a second ligand, and this linkage between two ligand-binding sites provides a cru-
cial mechanism for regulating cell processes. Metabolic pathways, for example, are
controlled by feedback regulation: some small molecules inhibit and other small
molecules activate enzymes early in a pathway. Enzymes controlled in this way gener-
ally form symmetric assemblies, allowing cooperative conformational changes to cre-
ate a steep response to changes in the concentrations of the ligands that regulate them.

The expenditure of chemical energy can drive unidirectional changes in protein
shape. By coupling allosteric shape changes to ATP hydrolysis, for example, proteins
can do useful work, such as generating a mechanical force or moving for long dis-
tances in a single direction. The three-dimensional structures of proteins, determined
by x-ray crystallography, have revealed how a small local change caused by nucleo-
side triphosphate hydrolysis is amplified to create major changes elsewhere in the
protein. By such means, these proteins can serve as input—output devices that trans-
mit information, as assembly factors, as motors, or as membrane-bound pumps.
Highly efficient protein machines are formed by incorporating many different protein
molecules into larger assemblies that coordinate the allosteric movements of the indi-
vidual components. Such machines are now known to perform many of the most
important reactions in cells.

Proteins are subjected to many reversible post-translational modifications, such
as the covalent addition of a phosphate or an acetyl group to a specific amino acid side
chain. The addition of these modifying groups is used to regulate the activity of a pro-
tein, changing its conformation, its binding to other proteins and its location inside
the cell. A typical protein in a cell will interact with more than five different partners.
Using the new technologies of proteomics, biologists can analyze thousands of proteins
in one set of experiments. One important result is the production of detailed protein
interaction maps, which aim at describing all of the binding interactions between the
thousands of distinct proteins in a cell.
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PROBLEMS

Which statements are true? Explain why or why not.

3-1  Each strand in a B sheet is a helix with two amino
acids per turn.

3-2  Loops of polypeptide that protrude from the surface
of a protein often form the binding sites for other molecules.

3-3  Anenzyme reaches a maximum rate at high substrate
concentration because it has a fixed number of active sites
where substrate binds.

3-4  Higher concentrations of enzyme give rise to a higher
turnover number.

3-5 Enzymes such as aspartate transcarbamoylase that
undergo cooperative allosteric transitions invariably con-
tain multiple identical subunits.

3-6  Continual addition and removal of phosphates by
protein kinases and protein phosphatases is wasteful of
energy—since their combined action consumes ATP—but it
is a necessary consequence of effective regulation by phos-
phorylation.

Discuss the following problems.

3-7  Consider the following statement. “To produce one
molecule of each possible kind of polypeptide chain, 300
amino acids in length, would require more atoms than exist in
the universe.” Given the size of the universe, do you suppose
this statement could possibly be correct? Since counting
atoms is a tricky business, consider the problem from the
standpoint of mass. The mass of the observable universe is
estimated to be about 1080 grams, give or take an order of
magnitude or so. Assuming that the average mass of an amino
acid is 110 daltons, what would be the mass of one molecule
of each possible kind of polypeptide chain 300 amino acids in
length? Is this greater than the mass of the universe?

3-8 A common strategy for identifying distantly related
proteins is to search the database using a short signature
sequence indicative of the particular protein function. Why
is it better to search with a short sequence than with a long
sequence? Do you not have more chances for a ‘hit’ in the
database with a long sequence?

3-9  The so-called kelch motif consists of a four-stranded
B sheet, which forms what is known as a § propeller. It is
usually found to be repeated four to seven times, forming a
kelch repeat domain in a multidomain protein. One such
kelch repeat domain is shown in Figure Q3-1. Would you
classify this domain as an ‘in-line’ or ‘plug-in’ type domain?

3-10 Titin, which has a molecular weight of 3 x 106 dal-
tons, is the largest polypeptide yet described. Titin
molecules extend from muscle thick filaments to the Z disc;
they are thought to act as springs to keep the thick filaments
centered in the sarcomere. Titin is composed of a large num-
ber of repeated immunoglobulin (Ig) sequences of 89 amino
acids, each of which is folded into a domain about 4 nm in
length (Figure Q3-2A).

You suspect that the springlike behavior of titin is caused
by the sequential unfolding (and refolding) of individual Ig

Figure Q3-1 The kelch
repeat domain of
galactose oxidase from
D. dendroides (Problem
3-9). The seven
individual B propellers
are indicated. The N- and
C-termini are indicated
by N and C.

domains. You test this hypothesis using the atomic force
microscope, which allows you to pick up one end of a pro-
tein molecule and pull with an accurately measured force.
For a fragment of titin containing seven repeats of the Ig
domain, this experiment gives the sawtooth force-versus-
extension curve shown in Figure Q3-2B. When the experi-
ment is repeated in a solution of 8 M urea (a protein denat-
urant), the peaks disappear and the measured extension
becomes much longer for a given force. If the experiment is
repeated after the protein has been cross-linked by treat-
ment with glutaraldehyde, once again the peaks disappear
but the extension becomes much smaller for a given force.
A. Are the data consistent with your hypothesis that titin’s
springlike behavior is due to the sequential unfolding of
individual Ig domains? Explain your reasoning.

B. Is the extension for each putative domain-unfolding
event the magnitude you would expect? (In an extended
polypeptide chain, amino acids are spaced at intervals of
0.34 nm.)

C. Why is each successive peak in Figure Q3-2B a little
higher than the one before?

D. Why does the force collapse so abruptly after each peak?

3-11 Itis often said that protein complexes are made from
subunits (that is, individually synthesized proteins) rather
than as one long protein because the former is more likely to
give a correct final structure.

A. Assuming that the protein synthesis machinery incor-
porates one incorrect amino acid for each 10,000 it inserts,

(A)

(8) 400
300
200

force (pN)

100

0 50 100 150 200
extension (nm)

Figure Q3-2 Springlike behavior of titin (Problem 3-10). (A) The
structure of an individual Ig domain. (B) Force in piconewtons versus
extension in nanometers obtained by atomic force microscopy.
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calculate the fraction of bacterial ribosomes that would be
assembled correctly if the proteins were synthesized as one
large protein versus built from individual proteins? For the
sake of calculation assume that the ribosome is composed
of 50 proteins, each 200 amino acids in length, and that the
subunits—correct and incorrect—are assembled with equal
likelihood into the complete ribosome. [The probability that
a polypeptide will be made correctly, Pc, equals the fraction
correct for each operation, fc, raised to a power equal to the
number of operations, n: Pc = (fc)". For an error rate of
1/10,000, fc = 0.9999.]

B. Is the assumption that correct and incorrect subunits
assemble equally well likely to be true? Why or why not?
How would a change in that assumption affect the calcula-
tion in part A?

3-12 Rous sarcoma virus (RSV) carries an oncogene called
Src, which encodes a continuously active protein tyrosine
kinase that leads to unchecked cell proliferation. Normally,
Src carries an attached fatty acid (myristoylate) group that
allows it to bind to the cytoplasmic side of the plasma mem-
brane. A mutant version of Src that does not allow attach-
ment of myristoylate does not bind to the membrane. Infec-
tion of cells with RSV encoding either the normal or the
mutant form of Src leads to the same high level of protein
tyrosine kinase activity, but the mutant Src does not cause
cell proliferation.

A. Assuming that the normal Src is all bound to the plasma
membrane and that the mutant Src is distributed through-
out the cytoplasm, calculate their relative concentrations in
the neighborhood of the plasma membrane. For the pur-
poses of this calculation, assume that the cell is a sphere
with a radius of 10 um and that the mutant Src is distributed
throughout, whereas the normal Src is confined to a 4-nm-
thick layer immediately beneath the membrane. [For this
problem, assume that the membrane has no thickness. The
volume of a sphere is (4/3)rr3.]

B. The target (X) for phosphorylation by Src resides in the
membrane. Explain why the mutant Src does not cause cell
proliferation.

3-13 An antibody binds to another protein with an equilib-
rium constant, K, of 5 x 10° M~1. When it binds to a second,
related protein, it forms three fewer hydrogen bonds, reduc-
ing its binding affinity by 2.8 kcal/mole. What is the K for its
binding to the second protein? (Free-energy change is related
to the equilibrium constant by the equation AG® =-2.3 RT log
K, where R is 1.98 x 1073 kcal/(mole K) and T'is 310 K.)

3-14 The protein SmpB binds to a special species of tRNA,
tmRNA, to eliminate the incomplete proteins made from
truncated mRNAs in bacteria. If the binding of SmpB to
tmRNA is plotted as fraction tmRNA bound versus SmpB
concentration, one obtains a symmetrical S-shaped curve as
shown in Figure Q3-3. This curve is a visual display of a very
useful relationship between Kyq and concentration, which
has broad applicability. The general expression for fraction
of ligand bound is derived from the equation for Ky (Kq =
[Pr][L]/[Pr-L]) by substituting ([Lltor — [L]) for [Pr-L] and re-
arranging. Because the total concentration of ligand ([Lltor)
is equal to the free ligand ([L]) plus bound ligand ([Pr-L]),

fraction bound = [L]/[L]tor = [Pr]/([P1] + Kq)
For SmpB and tmRNA, the fraction bound = [tmRNA]/

[tmRNA]tor = [SmpB]/([SmpB] + Kg). Using this relation-
ship, calculate the fraction of tmRNA bound for SmpB con-
centrations equal to 10*Ky, 103Ky, 10%Kg, 101Ky, Kq, 101Ky,
102Ky, 103Ky, and 10™4Ky.

fraction bound
o
° N
(%] 1%,

o©
N
"

0
10-1 109 1077 1073

concentration of SmpB (M)

Figure Q3-3 Fraction of tmRNA bound versus SmpB concentration
(Problem 3-14).

3-15 Many enzymes obey simple Michaelis—Menten
kinetics, which are summarized by the equation

rate = Vimax [S1/([S] + Km)

where Viax = maximum velocity, [S] = concentration of sub-
strate, and K, = the Michaelis constant.

Itis instructive to plug a few values of [S] into the equation
to see how rate is affected. What are the rates for [S] equal to
zero, equal to Ky, and equal to infinite concentration?

3-16 The enzyme hexokinase adds a phosphate to D-glu-
cose but ignores its mirror image, L-glucose. Suppose that
you were able to synthesize hexokinase entirely from D-
amino acids, which are the mirror image of the normal L-
amino acids.

A. Assuming that the ‘D’ enzyme would fold to a stable
conformation, what relationship would you expect it to bear
to the normal ‘L’ enzyme?

B. Do you suppose the ‘D’ enzyme would add a phosphate
to L-glucose, and ignore D-glucose?

3-17 How do you suppose that a molecule of hemoglobin
is able to bind oxygen efficiently in the lungs, and yet release
it efficiently in the tissues?

3-18 Synthesis of the purine nucleotides AMP and GMP
proceeds by a branched pathway starting with ribose 5-
phosphate (R5P), as shown schematically in Figure Q3-4.
Using the principles of feedback inhibition, propose a regu-
latory strategy for this pathway that ensures an adequate
supply of both AMP and GMP and minimizes the buildup of
the intermediates (A-I) when supplies of AMP and GMP are
adequate.

F — G —> AMP
R5P A —+>B—»C—»D—>»FE
H— | = GMP

Figure Q3-4 Schematic diagram of the metabolic pathway for
synthesis of AMP and GMP from R5P (Problem 3-18).
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Chapter 6

How Cells Read the Genome:
From DNA to Protein

Only when the structure of DNA was discovered in the early 1950s did it become In This Ch apter

clear how the hereditary information in cells is encoded in DNA’s sequence of

nucleotides. The progress since then has been astounding. Within fifty years we FROM DNA TO RNA 331
knew the complete genome sequences for many organisms, including humans.

We therefore know the maximum amount of information that is required to pro- FROM RNA TO PROTEIN 366
duce a complex organism like ourselves. The limits on the hereditary informa-

tion needed for life constrain the biochemical and structural features of cells THE RNAWORLD AND 400

and make it clear that biology is not infinitely complex. THE ORIGINS OF LIFE

In this chapter, we explain how cells decode and use the information in their
genomes. Much has been learned about how the genetic instructions written in
an alphabet of just four “letters”—the four different nucleotides in DNA—direct
the formation of a bacterium, a fruit fly, or a human. Nevertheless, we still have
a great deal to discover about how the information stored in an organism’s
genome produces even the simplest unicellular bacterium with 500 genes, let
alone how it directs the development of a human with approximately 25,000
genes. An enormous amount of ignorance remains; many fascinating challenges
therefore await the next generation of cell biologists.

The problems that cells face in decoding genomes can be appreciated by
considering a small portion of the genome of the fruit fly Drosophila
melanogaster (Figure 6-1). Much of the DNA-encoded information present in
this and other genomes specifies the linear order—the sequence—of amino
acids for every protein the organism makes. As described in Chapter 3, the
amino acid sequence in turn dictates how each protein folds to give a molecule
with a distinctive shape and chemistry. When a cell makes a particular protein,
it must decode accurately the corresponding region of the genome. Additional
information encoded in the DNA of the genome specifies exactly when in the life
of an organism and in which cell types each gene is to be expressed into protein.
Since proteins are the main constituents of cells, the decoding of the genome
determines not only the size, shape, biochemical properties, and behavior of
cells, but also the distinctive features of each species on Earth.

One might have predicted that the information present in genomes would
be arranged in an orderly fashion, resembling a dictionary or a telephone direc-
tory. Although the genomes of some bacteria seem fairly well organized, the
genomes of most multicellular organisms, such as our Drosophila example, are
surprisingly disorderly. Small bits of coding DNA (that is, DNA that codes for
protein) are interspersed with large blocks of seemingly meaningless DNA.
Some sections of the genome contain many genes and others lack genes alto-
gether. Proteins that work closely with one another in the cell often have their
genes located on different chromosomes, and adjacent genes typically encode
proteins that have little to do with each other in the cell. Decoding genomes is
therefore no simple matter. Even with the aid of powerful computers, it is still
difficult for researchers to locate definitively the beginning and end of genes in
the DNA sequences of complex genomes, much less to predict when each gene
is expressed in the life of the organism. Although the DNA sequence of the
human genome is known, it will probably take at least a decade to identify every
gene and determine the precise amino acid sequence of the protein it produces.
Yet the cells in our body do this thousands of times a second.

329
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Figure 6-1 (opposite page) Schematic depiction of a portion of chromosome 2 from the genome of the fruit fly
Drosophila melanogaster. This figure represents approximately 3% of the total Drosophila genome, arranged as six
contiguous segments. As summarized in the key, the symbolic representations are: black vertical lines of various
thicknesses: locations of transposable elements, with thicker bars indicating clusters of elements; colored boxes: genes
(both known and predicted) coded on one strand of DNA (boxes above the midline) and genes coded on the other strand
(boxes below the midline). The length of each gene box includes both its exons (protein-coding DNA) and its introns
(noncoding DNA) (see Figure 4-15); its height is proportional to the number of known cDNAs that match the gene. (As
described in Chapter 8, cDNAs are DNA copies of mRNA molecules, and large collections of the nucleotide sequences of
cDNAs have been deposited in a variety of databases, the more matches, the higher the confidence that the predicted
gene is transcribed into RNA and is thus a genuine gene.) The color of each gene box indicates whether a closely related
gene is known to occur in other organisms. For example, MWY means the gene has close relatives in mammals, in the
nematode worm Caenorhabditis elegans, and in the yeast Saccharomyces cerevisiae. MW indicates the gene has close
relatives in mammals and the worm but not in yeast. The rainbow-colored bar indicates percent G-C base pairs; across
many different genomes, this percentage shows a striking regional variation, whose origin and significance are uncertain.
(From M.D. Adams et al., Science 287:2185-2195, 2000. With permission from AAAS.)

The DNA in genomes does not direct protein synthesis itself, but instead
uses RNA as an intermediary. When the cell needs a particular protein, the
nucleotide sequence of the appropriate portion of the immensely long DNA
molecule in a chromosome is first copied into RNA (a process called transcrip-
tion). It is these RNA copies of segments of the DNA that are used directly as
templates to direct the synthesis of the protein (a process called translation).
The flow of genetic information in cells is therefore from DNA to RNA to protein
(Figure 6-2). All cells, from bacteria to humans, express their genetic informa-
tion in this way—a principle so fundamental that it is termed the central dogma
of molecular biology.

Despite the universality of the central dogma, there are important variations
in the way in which information flows from DNA to protein. Principal among
these is that RNA transcripts in eucaryotic cells are subject to a series of pro-
cessing steps in the nucleus, including RNA splicing, before they are permitted
to exit from the nucleus and be translated into protein. These processing steps
can critically change the “meaning” of an RNA molecule and are therefore cru-
cial for understanding how eucaryotic cells read their genomes. Finally,
although we focus on the production of the proteins encoded by the genome in
this chapter, we see that for many genes RNA is the final product. Like proteins,
many of these RNAs fold into precise three-dimensional structures that have
structural, catalytic, and regulatory roles in the cell.

We begin this chapter with the first step in decoding a genome: the process
of transcription by which an RNA molecule is produced from the DNA of a gene.
We then follow the fate of this RNA molecule through the cell, finishing when a
correctly folded protein molecule has been formed. At the end of the chapter, we
consider how the present quite complex scheme of information storage, tran-
scription, and translation might have arisen from simpler systems in the earliest
stages of cell evolution.

FROM DNA TO RNA

Transcription and translation are the means by which cells read out, or express,
the genetic instructions in their genes. Because many identical RNA copies can
be made from the same gene, and each RNA molecule can direct the synthesis
of many identical protein molecules, cells can synthesize a large amount of pro-
tein rapidly when necessary. But each gene can also be transcribed and trans-
lated with a different efficiency, allowing the cell to make vast quantities of some
proteins and tiny quantities of others (Figure 6-3). Moreover, as we see in the
next chapter, a cell can change (or regulate) the expression of each of its genes
according to the needs of the moment—most commonly by controlling the pro-
duction of its RNA.

DNA replication
DNA repair

<genetic recombination
DNA

S SR T a 3
Y l!ll!l!lll!l!!l!!!ll!s,

RNA synthesis
(transcription)

RNA
S FYTET T TO

protein synthesis
(translation)

PROTEIN
H>N “—<@—COOH

amino acids

Figure 6-2 The pathway from DNA to
protein. The flow of genetic information
from DNA to RNA (transcription) and
from RNA to protein (translation) occurs
in all living cells.
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Portions of DNA Sequence Are Transcribed into RNA

The first step a cell takes in reading out a needed part of its genetic instructions
is to copy a particular portion of its DNA nucleotide sequence—a gene—into an
RNA nucleotide sequence. The information in RNA, although copied into
another chemical form, is still written in essentially the same language as it is in
DNA—the language of a nucleotide sequence. Hence the name transcription.

Like DNA, RNA is a linear polymer made of four different types of nucleotide
subunits linked together by phosphodiester bonds (Figure 6-4). It differs from
DNA chemically in two respects: (1) the nucleotides in RNA are
ribonucleotides—that is, they contain the sugar ribose (hence the name ribonu-
cleic acid) rather than deoxyribose; (2) although, like DNA, RNA contains the
bases adenine (A), guanine (G), and cytosine (C), it contains the base uracil (U)
instead of the thymine (T) in DNA. Since U, like T, can base-pair by hydrogen-
bonding with A (Figure 6-5), the complementary base-pairing properties
described for DNA in Chapters 4 and 5 apply also to RNA (in RNA, G pairs with
C, and A pairs with U). We also find other types of base pairs in RNA: for exam-
ple, G occasionally pairs with U.

Figure 6-4 The chemical structure of RNA. (A) RNA contains the sugar
ribose, which differs from deoxyribose, the sugar used in DNA, by the
presence of an additional —-OH group. (B) RNA contains the base uracil,
which differs from thymine, the equivalent base in DNA, by the absence of
a —CHjs group. (C) A short length of RNA. The phosphodiester chemical
linkage between nucleotides in RNA is the same as that in DNA.

(A) HOCH, O, OH HOCH, O, OH

H H H H
OH OH OH H
ribose deoxyribose
used in ribonucleic used in deoxyribonucleic
acid (RNA) acid (DNA)
®) C"> <|?
C H;C C
~N
HC” TNH c” TNH
Il | If |
HC C HC C
N \O SN \O
I I
H H
uracil thymine
used in RNA used in DNA

Figure 6-3 Genes can be expressed with
different efficiencies. In this example,
gene A is transcribed and translated
much more efficiently than gene B. This
allows the amount of protein A in the cell
to be much greater than that of protein B.

bases

ribose

(@] 3’ end
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Although these chemical differences are slight, DNA and RNA differ quite
dramatically in overall structure. Whereas DNA always occurs in cells as a dou-
ble-stranded helix, RNA is single-stranded. An RNA chain can therefore fold up
into a particular shape, just as a polypeptide chain folds up to form the final
shape of a protein (Figure 6-6). As we see later in this chapter, the ability to fold
into complex three-dimensional shapes allows some RNA molecules to have
precise structural and catalytic functions.

Transcription Produces RNA Complementary to One Strand of
DNA

The RNA in a cell is made by DNA transcription, a process that has certain simi-
larities to the process of DNA replication discussed in Chapter 5. Transcription
begins with the opening and unwinding of a small portion of the DNA double helix
to expose the bases on each DNA strand. One of the two strands of the DNA dou-
ble helix then acts as a template for the synthesis of an RNA molecule. As in DNA
replication, the nucleotide sequence of the RNA chain is determined by the com-
plementary base-pairing between incoming nucleotides and the DNA template.
When a good match is made, the incoming ribonucleotide is covalently linked to
the growing RNA chain in an enzymatically catalyzed reaction. The RNA chain
produced by transcription—the transcript—is therefore elongated one nucleotide
at a time, and it has a nucleotide sequence that is exactly complementary to the
strand of DNA used as the template (Figure 6-7).

Transcription, however, differs from DNA replication in several crucial ways.
Unlike a newly formed DNA strand, the RNA strand does not remain hydrogen-
bonded to the DNA template strand. Instead, just behind the region where the
ribonucleotides are being added, the RNA chain is displaced and the DNA helix
re-forms. Thus, the RNA molecules produced by transcription are released from
the DNA template as single strands. In addition, because they are copied from
only a limited region of the DNA, RNA molecules are much shorter than DNA
molecules. A DNA molecule in a human chromosome can be up to 250 million
nucleotide-pairs long; in contrast, most RNAs are no more than a few thousand
nucleotides long, and many are considerably shorter.

333
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Figure 6-5 Uracil forms base pairs with
adenine. The absence of a methyl group
in U has no effect on base-pairing; thus,
U-A base pairs closely resemble T-A base
pairs (see Figure 4-4).

Figure 6-6 RNA can fold into specific structures. RNA is largely single-stranded, but it often contains short stretches of
nucleotides that can form conventional base pairs with complementary sequences found elsewhere on the same molecule.

|

These interactions, along with additional “nonconventiona

base-pair interactions, allow an RNA molecule to fold into a

three-dimensional structure that is determined by its sequence of nucleotides. <AATC> (A) Diagram of a folded RNA
structure showing only conventional base-pair interactions. (B) Structure with both conventional (red) and nonconventional
(green) base-pair interactions. (C) Structure of an actual RNA, a portion of a group | intron (see Figure 6-36). Each
conventional base-pair interaction is indicated by a “rung” in the double helix. Bases in other configurations are indicated by

broken rungs.
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The enzymes that perform transcription are called RNA polymerases. Like
the DNA polymerase that catalyzes DNA replication (discussed in Chapter 5),
RNA polymerases catalyze the formation of the phosphodiester bonds that link
the nucleotides together to form a linear chain. The RNA polymerase moves
stepwise along the DNA, unwinding the DNA helix just ahead of the active site
for polymerization to expose a new region of the template strand for comple-
mentary base-pairing. In this way, the growing RNA chain is extended by one
nucleotide at a time in the 5-to-3’ direction (Figure 6-8). The substrates are
nucleoside triphosphates (ATP, CTP, UTP, and GTP); as in DNA replication, the
hydrolysis of high-energy bonds provides the energy needed to drive the reac-
tion forward (see Figure 5-4).

The almost immediate release of the RNA strand from the DNA as it is syn-
thesized means that many RNA copies can be made from the same gene in a rel-
atively short time, with the synthesis of additional RNA molecules being started
before the first RNA is completed (Figure 6-9). When RNA polymerase
molecules follow hard on each other’s heels in this way, each moving at about 20
nucleotides per second (the speed in eucaryotes), over a thousand transcripts
can be synthesized in an hour from a single gene.

Although RNA polymerase catalyzes essentially the same chemical reaction
as DNA polymerase, there are some important differences between the activities
of the two enzymes. First, and most obviously, RNA polymerase catalyzes the
linkage of ribonucleotides, not deoxyribonucleotides. Second, unlike the DNA
polymerases involved in DNA replication, RNA polymerases can start an RNA
chain without a primer. This difference may exist because transcription need
not be as accurate as DNA replication (see Table 5-1, p. 271). Unlike DNA, RNA
does not permanently store genetic information in cells. RNA polymerases make
about one mistake for every 10* nucleotides copied into RNA (compared with an
error rate for direct copying by DNA polymerase of about one in 107
nucleotides), and the consequences of an error in RNA transcription are much
less significant than that in DNA replication.

Although RNA polymerases are not nearly as accurate as the DNA poly-
merases that replicate DNA, they nonetheless have a modest proofreading
mechanism. If an incorrect ribonucleotide is added to the growing RNA chain,
the polymerase can back up, and the active site of the enzyme can perform an
excision reaction that resembles the reverse of the polymerization reaction,

3 direction of DNA double

RNA polymerase transcription tlelix RNA transcript

ribonucleoside

triphosphates
=

newly synthesized

DNA

o lullull‘]r (AR

template strand

ITT !

JTRANSCRIPTION

5 m E
RNA

Figure 6-7 DNA transcription produces
a single-stranded RNA molecule that is
complementary to one strand of DNA.

template

DNA

strand

~“path of
downstream
_DNA helix

ribonucleoside i
RNA exit active site  triphosphate exit path §
5" channel uptake channel 20" 'z'l\‘A
ouble /
newly synthesized short region of helix
RNA transcript DNA/RNA helix
RNA in short displaced non-
DNA/RNA helix template DNA
(A) (B) strand

Figure 6-8 DNA is transcribed by the enzyme RNA polymerase. (A) The RNA polymerase (pale blue) moves stepwise along the DNA,
unwinding the DNA helix at its active site. As it progresses, the polymerase adds nucleotides (represented as small “T” shapes) one by one to
the RNA chain at the polymerization site, using an exposed DNA strand as a template. The RNA transcript is thus a complementary copy of one
of the two DNA strands. A short region of DNA/RNA helix (approximately nine nucleotide pairs in length) is therefore formed only transiently,
and a “window” of DNA/RNA helix therefore moves along the DNA with the polymerase. The incoming nucleotides are in the form of
ribonucleoside triphosphates (ATP, UTP, CTP, and GTP), and the energy stored in their phosphate-phosphate bonds provides the driving force
for the polymerization reaction (see Figure 5-4). (B) The structure of a bacterial RNA polymerase, as determined by x-ray crystallography. Four
different subunits, indicated by different colors, comprise this RNA polymerase. The DNA strand used as a template is red, and the nontemplate
strand is yellow. (A, adapted from a figure courtesy of Robert Landick; B, courtesy of Seth Darst.)
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except that water instead of pyrophosphate is used and a nucleoside monophos-
phate is released.

Given that DNA and RNA polymerases both carry out template-dependent
nucleotide polymerization, it might be expected that the two types of enzymes
would be structurally related. However, x-ray crystallographic studies of both
types of enzymes reveal that, other than containing a critical Mg?* ion at the cat-
alytic site, they are virtually unrelated to each other; indeed template-depen-
dent nucleotide polymerizing enzymes seem to have arisen independently twice
during the early evolution of cells. One lineage led to the modern DNA poly-
merases and reverse transcriptases discussed in Chapter 5, as well as to a few
single-subunit RNA polymerases from viruses. The other lineage formed all of
the modern cellular RNA polymerases (Figure 6-10), which we discuss in this
chapter.

Cells Produce Several Types of RNA

The majority of genes carried in a cell’s DNA specify the amino acid sequence of
proteins; the RNA molecules that are copied from these genes (which ultimately
direct the synthesis of proteins) are called messenger RNA (mRNA) molecules.
The final product of a minority of genes, however, is the RNA itself. Careful anal-
ysis of the complete DNA sequence of the genome of the yeast S. cerevisiae has
uncovered well over 750 genes (somewhat more than 10% of the total number of
yeast genes) that produce RNA as their final product. These RNAs, like proteins,
serve as enzymatic and structural components for a wide variety of processes in

¢ dimerization
e acquisition of lysines 'K
' ¢ acquisition of aspartic acids (D
‘ e acquisition of loops

ancient double-psi barrel

Figure 6-10 The evolution of modern cellular RNA polymerases. loop
According to this hypothesis, RNA polymerases evolved from an ancient
protein domain, called the double-psi barrel. Crucial evolutionary steps are
thought to include the dimerization of the domain, the insertion of large
polypeptide “loops,” the acquisition of two critical lysines needed to
position the template, and the acquisition of three aspartic acids required
to chelate a magnesium at the active site. This scheme depicts the
evolution of the two largest subunits of RNA polymerase, which form the
active site of the enzyme. The structures shown are those of the § and

B” subunits of the E. coli enzyme, but the corresponding subunits of the
eucaryotic enzyme are closely related. (Adapted from L.M. lyer, E.V. Koonin
and L. Aravind, BMC Struct. Biol. 3:1, 2003.)
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Figure 6-9 Transcription of two genes as
observed under the electron
microscope. The micrograph shows
many molecules of RNA polymerase
simultaneously transcribing each of two
adjacent genes. Molecules of RNA
polymerase are visible as a series of dots
along the DNA with the newly
synthesized transcripts (fine threads)
attached to them. The RNA molecules
(ribosomal RNAs) shown in this example
are not translated into protein but are
instead used directly as components of
ribosomes, the machines on which
translation takes place. The particles at
the 5" end (the free end) of each rRNA
transcript are believed to reflect the
beginnings of ribosome assembly. From
the lengths of the newly synthesized
transcripts, it can be deduced that the
RNA polymerase molecules are
transcribing from left to right. (Courtesy
of Ulrich Scheer.)
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the cell. In Chapter 5 we encountered one of those RNAs, the template carried
by the enzyme telomerase. Although many of these noncoding RNAs are still
mysterious, we shall see in this chapter that small nuclear RNA (snRNA)
molecules direct the splicing of pre-mRNA to form mRNA, that ribosomal RNA
(rRNA) molecules form the core of ribosomes, and that transfer RNA (tRNA)
molecules form the adaptors that select amino acids and hold them in place on
aribosome for incorporation into protein. Finally, we shall see in Chapter 7 that
microRNA (miRNA) molecules and small interfering RNA (siRNA) molecules
serve as key regulators of eucaryotic gene expression (Table 6-1).

Each transcribed segment of DNA is called a transcription unit. In eucary-
otes, a transcription unit typically carries the information of just one gene, and
therefore codes for either a single RNA molecule or a single protein (or group of
related proteins if the initial RNA transcript is spliced in more than one way to
produce different mRNAs). In bacteria, a set of adjacent genes is often tran-
scribed as a unit; the resulting mRNA molecule therefore carries the information
for several distinct proteins.

Overall, RNA makes up a few percent of a cell’s dry weight. Most of the RNA
in cells is rRNA; mRNA comprises only 3-5% of the total RNA in a typical mam-
malian cell. The mRNA population is made up of tens of thousands of different
species, and there are on average only 10-15 molecules of each species of mRNA
present in each cell.

Signals Encoded in DNA Tell RNA Polymerase Where to Start and
Stop

To transcribe a gene accurately, RNA polymerase must recognize where on the
genome to start and where to finish. The way in which RNA polymerases per-
form these tasks differs somewhat between bacteria and eucaryotes. Because
the processes in bacteria are simpler, we discuss them first.

The initiation of transcription is an especially important step in gene expres-
sion because it is the main point at which the cell regulates which proteins are
to be produced and at what rate. The bacterial RNA polymerase core enzyme is
a multisubunit complex that sythesizes RNA using a DNA template as a guide. A
detachable subunit called sigma (o) factor associates with the core enzyme and
assists it in reading the signals in the DNA that tell it where to begin transcribing
(Figure 6-11). Together, o factor and core enzyme are known as the RNA poly-
merase holoenzyme; this complex adheres only weakly to bacterial DNA when

Table 6-1 Principal Types of RNAs Produced in Cells

TYPE OF RNA FUNCTION

mRNAs messenger RNAs, code for proteins

rRNAs ribosomal RNAs, form the basic structure of the
ribosome and catalyze protein synthesis

tRNAs transfer RNAs, central to protein synthesis as adaptors
between mRNA and amino acids

snRNAs small nuclear RNAs, function in a variety of nuclear
processes, including the splicing of pre-mRNA

snoRNAs small nucleolar RNAs, used to process and chemically
modify rRNAs

scaRNAs small cajal RNAs, used to modify snoRNAs and snRNAs

miRNAs microRNAs, regulate gene expression typically by
blocking translation of selective mRNAs

siRNAs small interfering RNAs, turn off gene expression by

directing degradation of selective mRNAs and the
establishment of compact chromatin structures
Other noncoding function in diverse cell processes, including telomere
RNAs synthesis, X-chromosome inactivation, and the
transport of proteins into the ER
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the two collide, and a holoenzyme typically slides rapidly along the long DNA
molecule until it dissociates again. However, when the polymerase holoenzyme
slides into a region on the DNA double helix called a promoter, a special
sequence of nucleotides indicating the starting point for RNA synthesis, the
polymerase binds tightly to this DNA. The polymerase holoenzyme, through its
o factor, recognizes the promoter DNA sequence by making specific contacts
with the portions of the bases that are exposed on the outside of the helix (step
1 in Figure 6-11).

After the RNA polymerase holoenzyme binds tightly to the promoter DNA
in this way, it opens up the double helix to expose a short stretch of nucleotides
on each strand (step 2 in Figure 6-11). Unlike a DNA helicase reaction (see Fig-
ure 5-14), this limited opening of the helix does not require the energy of ATP
hydrolysis. Instead, the polymerase and DNA both undergo reversible struc-
tural changes that result in a state more energetically favorable than that of the
initial binding. With the DNA unwound, one of the two exposed DNA strands
acts as a template for complementary base-pairing with incoming ribonu-
cleotides, two of which are joined together by the polymerase to begin an RNA
chain (step 3 in Figure 6-11). After the first ten or so nucleotides of RNA have
been synthesized (a relatively inefficient process during which polymerase syn-
thesizes and discards short RNA oligomers), the core enzyme breaks its inter-
actions with the promoter DNA, weakens its interactions with ¢ factor, and
begins to move down the DNA, synthesizing RNA (steps 4 and 5 in Figure 6-11).
Chain elongation continues (at a speed of approximately 50 nucleotides/sec for
bacterial RNA polymerases) until the enzyme encounters a second signal in the
DNA, the terminator (described below), where the polymerase halts and
releases both the newly made RNA chain and the DNA template (step 7 in Fig-
ure 6-11). After the polymerase core enzyme has been released at a terminator,
it reassociates with a free ¢ factor to form a holoenzyme that can begin the pro-
cess of transcription again.

o factor promoter

RNA =

#
o .
DNA

/
RNA polymerase

@ —
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Figure 6-11 The transcription cycle of
bacterial RNA polymerase. In step 1, the
RNA polymerase holoenzyme
(polymerase core enzyme plus G factor)
assembles and then locates a promoter
(see Figure 6-12). The polymerase
unwinds the DNA at the position at
which transcription is to begin (step 2)
and begins transcribing (step 3). This
initial RNA synthesis (sometimes called
“abortive initiation”) is relatively
inefficient. However, once RNA
polymerase has managed to synthesize
about 10 nucleotides of RNA, it breaks its
interactions with the promoter DNA and
weakens, and eventually breaks, its
interaction with . The polymerase now
shifts to the elongation mode of RNA
synthesis (step 4), moving rightward
along the DNA in this diagram. During
the elongation mode (step 5),
transcription is highly processive, with
the polymerase leaving the DNA
template and releasing the newly
transcribed RNA only when it encounters
a termination signal (steps 6 and 7).
Termination signals are typically encoded
in DNA, and many function by forming an
RNA structure that destabilizes the
polymerase’s hold on the RNA (step 7). In
bacteria, all RNA molecules are
synthesized by a single type of RNA
polymerase and the cycle depicted in the
figure therefore applies to the production
of mRNAs as well as structural and
catalytic RNAs. (Adapted from a figure
courtesy of Robert Landick.)
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The process of transcription initiation is complex and requires that the RNA
polymerase holoenzyme and the DNA undergo a series of conformational
changes. We can view these changes as opening up and positioning the DNA in
the active site followed by a successive tightening of the enzyme around the
DNA and RNA to ensure that it does not dissociate before it has finished tran-
scribing a gene. If an RNA polymerase does dissociate prematurely, it cannot
resume synthesis but must start over again at the promoter.

How do the termination signals in the DNA stop the elongating polymerase?
For most bacterial genes a termination signal consists of a string of A-T
nucleotide pairs preceded by a two-fold symmetric DNA sequence, which, when
transcribed into RNA, folds into a “hairpin” structure through Watson—Crick
base-pairing (see Figure 6-11). As the polymerase transcribes across a termina-
tor, the formation of the hairpin may help to “pull” the RNA transcript from the
active site. The DNA-RNA hybrid in the active site, which is held together at ter-
minators predominantly by U-A base pairs (which are less stable than G-C base
pairs because they form two rather than three hydrogen bonds per base pair), is
not strong enough to hold the RNA in place, and it dissociates causing the
release of the polymerase from the DNA (step 7 in Figure 6-11). Thus, in some
respects, transcription termination seems to involve a reversal of the structural
transitions that happen during initiation. The process of termination also is an
example of a common theme in this chapter: the folding of RNA into specific
structures affects many steps in decoding the genome.

Transcription Start and Stop Signals Are Heterogeneous in
Nucleotide Sequence

As we have just seen, the processes of transcription initiation and termination
involve a complicated series of structural transitions in protein, DNA, and RNA
molecules. The signals encoded in DNA that specify these transitions are often
difficult for researchers to recognize. Indeed, a comparison of many different
bacterial promoters reveals a surprising degree of variation. Nevertheless, they
all contain related sequences, reflecting in part aspects of the DNA that are rec-
ognized directly by the ¢ factor. These common features are often summarized
in the form of a consensus sequence (Figure 6-12). A consensus nucleotide
sequence is derived by comparing many sequences with the same basic func-
tion and tallying up the most common nucleotide found at each position. It

50

25

olI I.
15 16 17 18 19

spacing between -35 and -10 sequences
(B)

frequency (%)

Figure 6-12 Consensus sequence for the
major class of E. coli promoters. (A) The
promoters are characterized by two
hexameric DNA sequences, the =35
sequence and the -10 sequence named
for their approximate location relative to
the start point of transcription
(designated +1). For convenience, the
nucleotide sequence of a single strand of
DNA is shown; in reality the RNA
polymerase recognizes the promoter as
double-stranded DNA. On the basis of a
comparison of 300 promoters, the
frequencies of the four nucleotides at
each position in the -35 and -10
hexamers are given. The consensus
sequence, shown below the graph,
reflects the most common nucleotide
found at each position in the collection of
promoters. The sequence of nucleotides
between the -35 and -10 hexamers
shows no significant similarities among
promoters. (B) The distribution of spacing
between the -35 and -10 hexamers
found in E. coli promoters.

The information displayed in these two
graphs applies to E. coli promoters that
are recognized by RNA polymerase and
the major o factor (designated 67°). As
we shall see in the next chapter, bacteria
also contain minor o factors, each of
which recognizes a different promoter
sequence. Some particularly strong
promoters recognized by RNA
polymerase and 67 have an additional
sequence, located upstream (to the left,
in the figure) of the —35 hexamer, which
is recognized by another subunit of RNA
polymerase.
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therefore serves as a summary or “average” of a large number of individual
nucleotide sequences.

The DNA sequences of individual bacterial promoters differ in ways that
determine their strength (the number of initiation events per unit time of the
promoter). Evolutionary processes have fine-tuned each to initiate as often as
necessary and have thereby created a wide spectrum of promoters. Promoters
for genes that code for abundant proteins are much stronger than those associ-
ated with genes that encode rare proteins, and their nucleotide sequences are
responsible for these differences.

Like bacterial promoters, transcription terminators also have a wide range
of sequences, with the potential to form a simple hairpin RNA structure being
the most important common feature. Since an almost unlimited number of
nucleotide sequences have this potential, terminator sequences are even more
heterogeneous than promoter sequences.

We have discussed bacterial promoters and terminators in some detail to
illustrate an important point regarding the analysis of genome sequences.
Although we know a great deal about bacterial promoters and terminators and
can construct consensus sequences that summarize their most salient features,
their variation in nucleotide sequence makes it difficult to definitively locate
them simply by analysis of the nucleotide sequence of a genome. It is even more
difficult to locate analogous sequences in eucaryotic genomes, due in part to the
excess DNA carried in them. Often, we need additional information, some of it
from direct experimentation, to locate and accurately interpret the short DNA
signals contained in genomes.

Since DNA is double-stranded, two different RNA molecules could in princi-
ple be transcribed from any gene, using each of the two DNA strands as a tem-
plate. However, a gene typically has only a single promoter, and because the pro-
moter’s nucleotide sequence is asymmetric (see Figure 6-12), the polymerase can
bind in only one orientation. The polymerase synthesizes RNA in the 5’-to-3’
direction, and it can therefore only transcribe one strand per gene (Figure 6-13).
Genome sequences reveal that the DNA strand used as the template for RNA syn-
thesis varies from gene to gene depending on the location and orientation of the
promoter (Figure 6-14).

Having considered transcription in bacteria, we now turn to the situation in
eucaryotes, where the synthesis of RNA molecules is a much more elaborate
affair.

Transcription Initiation in Eucaryotes Requires Many Proteins

In contrast to bacteria, which contain a single type of RNA polymerase, eucary-
otic nuclei have three: RNA polymerase I, RNA polymerase II, and RNA poly-
merase II1. The three polymerases are structurally similar to one another (and to
the bacterial enzyme) and share some common subunits, but they transcribe
different types of genes (Table 6-2). RNA polymerases I and III transcribe the
genes encoding transfer RNA, ribosomal RNA, and various small RNAs. RNA
polymerase II transcribes most genes, including all those that encode proteins,
and our subsequent discussion therefore focuses on this enzyme.

Although eucaryotic RNA polymerase II has many structural similarities to
bacterial RNA polymerase (Figure 6-15), there are several important differences
in the way in which the bacterial and eucaryotic enzymes function, two of which
concern us immediately.

RNA transcripts
DNA of E. coli chromosome
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DNA double helix

cccccccccccccccccc
5
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5 3

ccccccce N\

~ RNA

an RNA polymerase that moves from left
to right makes RNA by using the bottom
strand as a template

(B)
GGGGGGG
—
3 5
cccccccccccccecececce
5 3
3 5
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an RNA polymerase that moves from right
to left makes RNA by using the top strand
as a template

Figure 6-13 The importance of RNA
polymerase orientation. The DNA strand
serving as template must be traversed in a
3’-to-5" direction. Thus, the direction of
RNA polymerase movement determines
which of the two DNA strands is to serve
as a template for the synthesis of RNA, as
shown in (A) and (B). Polymerase direction
is, in turn, determined by the orientation
of the promoter sequence, the site at
which the RNA polymerase begins
transcription.

Figure 6-14 Directions of transcription
along a short portion of a bacterial
chromosome. Some genes are transcribed
using one DNA strand as a template, while
others are transcribed using the other
DNA strand. The direction of transcription
is determined by the promoter at the
beginning of each gene (green
arrowheads). This diagram shows
approximately 0.2% (9000 base pairs) of
the E. coli chromosome. The genes
transcribed from left to right use the
bottom DNA strand as the template; those
transcribed from right to left use the top
strand as the template.
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Table 6-2 The Three RNA Polymerases in Eucaryotic Cells

RNA polymerase | 5.8S, 18S, and 28S rRNA genes

RNA polymerase I all protein-coding genes, plus snoRNA genes, miRNA
genes, siRNA genes, and most snRNA genes

RNA polymerase IlI tRNA genes, 5S rRNA genes, some snRNA genes

and genes for other small RNAs

The rRNAs are named according to their “S" values, which refer to their rate of sedimentation in an
ultracentrifuge. The larger the S value, the larger the rRNA.

1. While bacterial RNA polymerase requires only a single additional protein
(o factor) for transcription initiation to occur in vitro, eucaryotic RNA poly-
merases require many additional proteins, collectively called the general
transcription factors.

2. Eucaryotic transcription initiation must deal with the packing of DNA into
nucleosomes and higher-order forms of chromatin structure, features
absent from bacterial chromosomes.

RNA Polymerase Il Requires General Transcription Factors

The general transcription factors help to position eucaryotic RNA polymerase
correctly at the promoter, aid in pulling apart the two strands of DNA to allow
transcription to begin, and release RNA polymerase from the promoter into the
elongation mode once transcription has begun. <CTAT> The proteins are “gen-
eral” because they are needed at nearly all promoters used by RNA polymerase II;
consisting of a set of interacting proteins, they are designated as TFII (for tran-
scription factor for polymerase II), and are denoted arbitrarily as TFIIB, TFIID,
and so on. In a broad sense, the eucaryotic general transcription factors carry out
functions equivalent to those of the ¢ factor in bacteria; indeed, portions of TFIIF
have the same three-dimensional structure as the equivalent portions of .
Figure 6-16 illustrates how the general transcription factors assemble at
promoters used by RNA polymerase II, and Table 6-3 summarizes their activi-
ties. The assembly process begins when the general transcription factor TFIID
binds to a short double-helical DNA sequence primarily composed of T and A
nucleotides. For this reason, this sequence is known as the TATA sequence, or
TATA box, and the subunit of TFIID that recognizes it is called TBP (for TATA-
binding protein). The TATA box is typically located 25 nucleotides upstream
from the transcription start site. It is not the only DNA sequence that signals the
start of transcription (Figure 6-17), but for most polymerase II promoters it is
the most important. The binding of TFIID causes a large distortion in the DNA

Figure 6-15 Structural similarity
between a bacterial RNA polymerase
and a eucaryotic RNA polymerase Il
Regions of the two RNA polymerases that
have similar structures are indicated in
green. The eucaryotic polymerase is larger
than the bacterial enzyme (12 subunits
instead of 5), and some of the additional
regions are shown in gray. The blue
spheres represent Zn atoms that serve as
structural components of the
polymerases, and the red sphere
represents the Mg atom present at the
active site, where polymerization takes
place. The RNA polymerases in all
modern-day cells (bacteria, archaea, and
eucaryotes) are closely related, indicating
that the basic features of the enzyme
were in place before the divergence of
the three major branches of life.
(Courtesy of P. Cramer and R. Kornberg.)
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Figure 6-16 Initiation of transcription of a eucaryotic gene by RNA
polymerase Il. To begin transcription, RNA polymerase requires several
general transcription factors. (A) The promoter contains a DNA
sequence called the TATA box, which is located 25 nucleotides away
from the site at which transcription is initiated. (B) Through its subunit
TBP, TFIID recognizes and binds the TATA box, which then enables the
adjacent binding of TFIIB (C). For simplicity the DNA distortion
produced by the binding of TFIID (see Figure 6-18) is not shown.

(D) The rest of the general transcription factors, as well as the RNA
polymerase itself, assemble at the promoter. (E) TFIIH then uses ATP to
pry apart the DNA double helix at the transcription start point, locally
exposing the template strand. TFIIH also phosphorylates RNA
polymerase II, changing its conformation so that the polymerase is
released from the general factors and can begin the elongation phase
of transcription. As shown, the site of phosphorylation is a long
C-terminal polypeptide tail, also called the C-terminal domain (CTD),
that extends from the polymerase molecule. The assembly scheme
shown in the figure was deduced from experiments performed in vitro,
and the exact order in which the general transcription factors assemble
on promoters may vary from gene to gene in vivo. The general
transcription factors have been highly conserved in evolution; some of
those from human cells can be replaced in biochemical experiments by
the corresponding factors from simple yeasts.

of the TATA box (Figure 6-18). This distortion is thought to serve as a physical
landmark for the location of an active promoter in the midst of a very large
genome, and it brings DNA sequences on both sides of the distortion together to
allow for subsequent protein assembly steps. Other factors then assemble, along
with RNA polymerase II, to form a complete transcription initiation complex
(see Figure 6-16). The most complicated of the general transcription factors is
TFIIH. Consisting of 9 subunits, it is nearly as large as RNA polymerase 1II itself
and, as we shall see shortly, performs several enzymatic steps needed for the ini-
tiation of transcription.

After forming a transcription initiation complex on the promoter DNA, RNA
polymerase II must gain access to the template strand at the transcription start
point. TFITH, which contains a DNA helicase as one of its subunits, makes this
step possible by hydrolyzing ATP and unwinding the DNA, thereby exposing the
template strand. Next, RNA polymerase II, like the bacterial polymerase,
remains at the promoter synthesizing short lengths of RNA until it undergoes a
series of conformational changes that allow it to move away from the promoter
and enter the elongation phase of transcription. A key step in this transition is
the addition of phosphate groups to the “tail” of the RNA polymerase (known as
the CTD or C-terminal domain). In humans, the CTD consists of 52 tandem
repeats of a seven-amino-acid sequence, which extend from the RNA poly-
merase core structure. During transcription initiation, the serine located at the
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Table 6-3 The General Transcription Factors Needed for Transcription Initiation by Eucaryotic RNA Polymerase Il

TFIID
TBP subunit 1 recognizes TATA box
TAF subunits ~11
by TBP
TFIIB 1
of transcription
TFIIF 3
TFIIE 2 attracts and regulates TFIIH
TFIIH 9

recognizes other DNA sequences near the transcription start point; regulates DNA-binding
recognizes BRE element in promoters; accurately positions RNA polymerase at the start site

stabilizes RNA polymerase interaction with TBP and TFIIB; helps attract TFIIE and TFIIH

unwinds DNA at the transcription start point, phosphorylates Ser5 of the RNA polymerase
CTD; releases RNA polymerase from the promoter

TFID is composed of TBP and ~11 additional subunits called TAFs (TBP-associated factors); CTD, C-terminal domain.
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fifth position in the repeat sequence (Ser5) is phosphorylated by TFIIH, which
contains a protein kinase in another of its subunits (see Figure 6-16D and E).
The polymerase can then disengage from the cluster of general transcription
factors. During this process, it undergoes a series of conformational changes
that tighten its interaction with DNA, and it acquires new proteins that allow it
to transcribe for long distances, and in some cases for many hours, without dis-
sociating from DNA.

Once the polymerase II has begun elongating the RNA transcript, most of
the general transcription factors are released from the DNA so that they are
available to initiate another round of transcription with a new RNA polymerase
molecule. As we see shortly, the phosphorylation of the tail of RNA polymerase
IT also causes components of the RNA-processing machinery to load onto the
polymerase and thus be positioned to modify the newly transcribed RNA as it
emerges from the polymerase.

Polymerase Il Also Requires Activator, Mediator, and Chromatin-
Modifying Proteins

Studies of the behavior of RNA polymerase II and its general transcription fac-
tors on purified DNA templates in vitro established the model for transcription
initiation just described. However, as discussed in Chapter 4, DNA in eucaryotic
cells is packaged into nucleosomes, which are further arranged in higher-order

Figure 6-17 Consensus sequences
found in the vicinity of eucaryotic RNA
polymerase Il start points. The name
given to each consensus sequence (first
column) and the general transcription
factor that recognizes it (last column) are
indicated. N indicates any nucleotide, and
two nucleotides separated by a slash
indicate an equal probability of either
nucleotide at the indicated position. In
reality, each consensus sequence is a
shorthand representation of a histogram
similar to that of Figure 6-12.

For most RNA polymerase Il
transcription start points, only two or
three of the four sequences are present.
For example, many polymerase Il
promoters have a TATA box sequence, but
those that do not typically have a “strong”
INR sequence. Although most of the DNA
sequences that influence transcription
initiation are located upstream of the
transcription start point, a few, such as
the DPE shown in the figure, are located
in the transcribed region.

Figure 6-18 Three-dimensional
structure of TBP (TATA-binding protein)
bound to DNA. The TBP is the subunit of
the general transcription factor TFIID that
is responsible for recognizing and
binding to the TATA box sequence in the
DNA (red). The unique DNA bending
caused by TBP—two kinks in the double
helix separated by partly unwound
DNA—may serve as a landmark that
helps to attract the other general
transcription factors. TBP is a single
polypeptide chain that is folded into two
very similar domains (blue and green).
(Adapted from J.L. Kim et al., Nature
365:520-527, 1993. With permission from
Macmillan Publishers Ltd.)
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chromatin structures. As a result, transcription initiation in a eucaryotic cell is
more complex and requires even more proteins than it does on purified DNA.
First, gene regulatory proteins known as transcriptional activators must bind to
specific sequences in DNA and help to attract RNA polymerase II to the start
point of transcription (Figure 6-19). We discuss the role of activators in Chapter
7, because they are one of the main ways in which cells regulate expression of
their genes. Here we simply note that their presence on DNA is required for tran-
scription initiation in a eucaryotic cell. Second, eucaryotic transcription initia-
tion in vivo requires the presence of a protein complex known as Mediator,
which allows the activator proteins to communicate properly with the poly-
merase II and with the general transcription factors. Finally, transcription initi-
ation in a eucaryotic cell typically requires the local recruitment of chromatin-
modifying enzymes, including chromatin remodeling complexes and histone-
modifying enzymes. As discussed in Chapter 4, both types of enzymes can allow
greater access to the DNA present in chromatin, and by doing so, they facilitate
the assembly of the transcription initiation machinery onto DNA. We will revisit
the role of these enzymes in transcription initiation in Chapter 7.

As illustrated in Figure 6-19, many proteins (well over 100 individual sub-
units) must assemble at the start point of transcription to initiate transcription
in a eucaryotic cell. The order of assembly of these proteins does not seem to fol-
low a prescribed pathway; rather, the order differs from gene to gene. Indeed,
some of these different protein complexes may interact with each other away
from the DNA and be brought to DNA as preformed subassemblies. To begin
transcribing, RNA polymerase II must be released from this large complex of
proteins, and, in addition to the steps described in Figure 6-16, this often
requires the in situ proteolysis of the activator protein. We return to some of
these issues in Chapter 7, where we discuss how eucaryotic cells can regulate the
process of transcription initiation.

Transcription Elongation Produces Superhelical Tension in DNA

Once it has initiated transcription, RNA polymerase does not proceed smoothly
along a DNA molecule; rather, it moves jerkily, pausing at some sequences and
rapidly transcribing through others. Elongating RNA polymerases, both bacte-
rial and eucaryotic, are associated with a series of elongation factors, proteins
that decrease the likelihood that RNA polymerase will dissociate before it
reaches the end of a gene. These factors typically associate with RNA polymerase

343

Figure 6-19 Transcription initiation by
RNA polymerase Il in a eucaryotic cell.
Transcription initiation in vivo requires
the presence of transcriptional activator
proteins. As described in Chapter 7, these
proteins bind to specific short sequences
in DNA. Although only one is shown here,
a typical eucaryotic gene has many
activator proteins, which together
determine its rate and pattern of
transcription. Sometimes acting from a
distance of several thousand nucleotide
pairs (indicated by the dashed DNA
molecule), these gene regulatory
proteins help RNA polymerase, the
general transcription factors, and the
mediator all to assemble at the promoter.
In addition, activators attract ATP-
dependent chromatin remodeling
complexes and histone acetylases.

As discussed in Chapter 4, the “default”
state of chromatin is probably the 30-nm
filament (see Figure 4-22), and this is
likely to be a form of DNA upon which
transcription is initiated. For simplicity, it
is not shown in the figure.
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shortly after initiation and help polymerases to move through the wide variety of
different DNA sequences that are found in genes. Eucaryotic RNA polymerases
must also contend with chromatin structure as they move along a DNA tem-
plate, and they are typically aided by ATP-dependent chromatin remodeling
complexes (see pp. 215-216). These complexes may move with the polymerase
or may simply seek out and rescue the occasional stalled polymerase. In addi-
tion, some elongation factors associated with eucaryotic RNA polymerase facil-
itate transcription through nucleosomes without requiring additional energy. It
is not yet understood in detail how this is accomplished, but these proteins can
transiently dislodge H2A-H2B dimers from the nucleosome core, replacing
them as the polymerase moves through the nucleosome.

There is yet another barrier to elongating polymerases, both bacterial and
eucaryotic. To discuss this issue, we need first to consider a subtle property
inherent in the DNA double helix called DNA supercoiling. DNA supercoiling
represents a conformation that DNA adopts in response to superhelical tension;
conversely, creating various loops or coils in the helix can create such tension.
Figure 6-20 illustrates the topological constraints that cause DNA supercoiling.
There are approximately 10 nucleotide pairs for every helical turn in a DNA dou-
ble helix. Imagine a helix whose two ends are fixed with respect to each other (as
they are in a DNA circle, such as a bacterial chromosome, or in a tightly clamped
loop, as is thought to exist in eucaryotic chromosomes). In this case, one large
DNA supercoil will form to compensate for each 10 nucleotide pairs that are
opened (unwound). The formation of this supercoil is energetically favorable
because it restores a normal helical twist to the base-paired regions that remain,
which would otherwise need to be overwound because of the fixed ends.

RNA polymerase also creates superhelical tension as it moves along a stretch
of DNA that is anchored at its ends (see Figure 6-20C). As long as the polymerase
is not free to rotate rapidly (and such rotation is unlikely given the size of RNA
polymerases and their attached transcripts), a moving polymerase generates

Figure 6-20 Superhelical tension in DNA
causes DNA supercoiling. (A) For a DNA
molecule with one free end (or a nick in
one strand that serves as a swivel), the
DNA double helix rotates by one turn for
every 10 nucleotide pairs opened.

(B) If rotation is prevented, superhelical
tension is introduced into the DNA by
helix opening. One way of
accommodating this tension would be to
increase the helical twist from 10 to 11
nucleotide pairs per turn in the double
helix that remains; the DNA helix,
however, resists such a deformation in a
springlike fashion, preferring to relieve
the superhelical tension by bending into
supercoiled loops. As a result, one DNA
supercoil forms in the DNA double helix
for every 10 nucleotide pairs opened. The
supercoil formed in this case is a positive
supercoil. (C) Supercoiling of DNA is
induced by a protein tracking through
the DNA double helix. The two ends of
the DNA shown here are unable to rotate
freely relative to each other, and the
protein molecule is assumed also to be
prevented from rotating freely as it
moves. Under these conditions, the
movement of the protein causes an
excess of helical turns to accumulate in
the DNA helix ahead of the protein and a
deficit of helical turns to arise in the DNA
behind the protein, as shown.
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positive superhelical tension in the DNA in front of it and negative helical ten-
sion behind it. For eucaryotes, this situation is thought to provide a bonus: the
positive superhelical tension ahead of the polymerase makes the DNA helix
more difficult to open, but this tension should facilitate the unwrapping of DNA
in nucleosomes, as the release of DNA from the histone core helps to relax pos-
itive superhelical tension.

Any protein that propels itself alone along a DNA strand of a double helix
tends to generate superhelical tension. In eucaryotes, DNA topoisomerase
enzymes rapidly remove this superhelical tension (see p. 278). But in bacteria a
specialized topoisomerase called DNA gyrase uses the energy of ATP hydrolysis
to pump supercoils continuously into the DNA, thereby maintaining the DNA
under constant tension. These are negative supercoils, having the opposite
handedness from the positive supercoils that form when a region of DNA helix
opens (see Figure 6-20B). Whenever a region of helix opens, it removes these
negative supercoils from bacterial DNA, reducing the superhelical tension. DNA
gyrase therefore makes the opening of the DNA helix in bacteria energetically
favorable compared with helix opening in DNA that is not supercoiled. For this
reason, it usually facilitates those genetic processes in bacteria, including the
initiation of transcription by bacterial RNA polymerase, that require helix open-
ing (see Figure 6-11).

Transcription Elongation in Eucaryotes Is Tightly Coupled to RNA
Processing

We have seen that bacterial mRNAs are synthesized solely by the RNA poly-
merase starting and stopping at specific spots on the genome. The situation in
eucaryotes is substantially different. In particular, transcription is only the first
of several steps needed to produce an mRNA. Other critical steps are the cova-
lent modification of the ends of the RNA and the removal of intron sequences
that are discarded from the middle of the RNA transcript by the process of RNA
splicing (Figure 6-21).

protein

Figure 6-21 Summary of the steps
leading from gene to protein in
eucaryotes and bacteria. The final level
of a protein in the cell depends on the
efficiency of each step and on the rates of
degradation of the RNA and protein
molecules. (A) In eucaryotic cells the RNA
molecule resulting from transcription
contains both coding (exon) and
noncoding (intron) sequences. Before it
can be translated into protein, the two
ends of the RNA are modified, the introns
are removed by an enzymatically
catalyzed RNA splicing reaction, and the
resulting mRNA is transported from the
nucleus to the cytoplasm. Although the
steps in this figure are depicted as
occurring one at a time, in a sequence, in
reality they can occur concurrently. For
example, the RNA cap is added and
splicing typically begins before
transcription has been completed.
Because of the coupling between
transcription and RNA processing,
primary transcripts—the RNAs that
would, in theory, be produced if no
processing had occurred—are found only
rarely. (B) In procaryotes the production
of mRNA is much simpler. The 5" end of
an mRNA molecule is produced by the
initiation of transcription, and the 3" end
is produced by the termination of
transcription. Since procaryotic cells lack
a nucleus, transcription and translation
take place in a common compartment. In
fact, the translation of a bacterial mRNA
often begins before its synthesis has
been completed.
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Both ends of eucaryotic mRNAs are modified: by capping on the 5" end and
by polyadenylation of the 3’ end (Figure 6-22). These special ends allow the cell
to assess whether both ends of an mRNA molecule are present (and the message
is therefore intact) before it exports the RNA sequence from the nucleus and
translates it into protein. RNA splicing joins together the different portions of a
protein coding sequence, and it provides higher eucaryotes with the ability to
synthesize several different proteins from the same gene.

An ingenious mechanism couples all of the above RNA processing steps to
transcription elongation. As discussed previously, a key step in transcription ini-
tiation by RNA polymerase II is the phosphorylation of the RNA polymerase II
tail, called the CTD (C-terminal domain). This phosphorylation proceeds grad-
ually as the RNA polymerase initiates transcription and moves along the DNA. It
not only helps dissociate the RNA polymerase II from other proteins present at
the start point of transcription, but also allows a new set of proteins to associate
with the RNA polymerase tail that function in transcription elongation and RNA
processing. As discussed next, some of these processing proteins seem to “hop”
from the polymerase tail onto the nascent RNA molecule to begin processing it
as it emerges from the RNA polymerase. Thus, we can view RNA polymerase IT in
its elongation mode as an RNA factory that both transcribes DNA into RNA and
processes the RNA it produces (Figure 6-23). Fully extended, the CTD is nearly
10 times longer than the remainder of RNA polymerase and, in effect, it serves as
a tether, holding a variety of proteins close by until they are needed. This strat-
egy, which speeds up the rate of subsequent reactions, is one commonly
observed in the cell (see Figures 4-69 and 16-38).

RNA Capping Is the First Modification of Eucaryotic Pre-mRNAs

As soon as RNA polymerase IT has produced about 25 nucleotides of RNA, the 5’
end of the new RNA molecule is modified by addition of a cap that consists of a
modified guanine nucleotide (see Figure 6-22B). Three enzymes, acting in suc-
cession, perform the capping reaction: one (a phosphatase) removes a phos-
phate from the 5" end of the nascent RNA, another (a guanyl transferase) adds a
GMP in a reverse linkage (5’ to 5” instead of 5 to 3), and a third (a methyl trans-
ferase) adds a methyl group to the guanosine (Figure 6-24). Because all three
enzymes bind to the RNA polymerase tail phosphorylated at serine-5 position,
the modification added by TFIIH during transcription initiation, they are poised
to modify the 5" end of the nascent transcript as soon as it emerges from the
polymerase.

The 5’-methyl cap signifies the 5" end of eucaryotic mRNAs, and this land-
mark helps the cell to distinguish mRNAs from the other types of RNA molecules
present in the cell. For example, RNA polymerases I and III produce uncapped

7-methylguanosine
HO OH

5’ end of
primary transcript

5
CH,—P—P—P—CH,

/

OH
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bridge
CH,
OH
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Figure 6-22 A comparison of the
structures of procaryotic and eucaryotic
mRNA molecules. (A) The 5" and 3" ends
of a bacterial mRNA are the unmodified
ends of the chain synthesized by the RNA
polymerase, which initiates and
terminates transcription at those points,
respectively. The corresponding ends of a
eucaryotic mRNA are formed by adding a
5’ cap and by cleavage of the pre-mRNA
transcript and the addition of a poly-A
tail, respectively. The figure also illustrates
another difference between the
procaryotic and eucaryotic mRNAs:
bacterial MRNAs can contain the
instructions for several different proteins,
whereas eucaryotic mRNAs nearly always
contain the information for only a single
protein. (B) The structure of the cap at the
5" end of eucaryotic mMRNA molecules.
Note the unusual 5’-to-5’ linkage of the
7-methyl G to the remainder of the RNA.
Many eucaryotic mRNAs carry an
additional modification: the 2’-hydroxyl
group on the second ribose sugar in the
mMRNA is methylated (not shown).
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Figure 6-23 Eucaryotic RNA polymerase Il as an “RNA factory.” As the
polymerase transcribes DNA into RNA, it carries pre-mRNA-processing
proteins on its tail that are transferred to the nascent RNA at the
appropriate time. The tail, known as the CTD, contains 52 tandem repeats
of a seven amino acid sequence, and there are two serines in each repeat.
The capping proteins first bind to the RNA polymerase tail when it is
phosphorylated on Ser5 of the heptad repeat late in the process of
transcription initiation (see Figure 6-16). This strategy ensures that the RNA
molecule is efficiently capped as soon as its 5" end emerges from the RNA
polymerase. As the polymerase continues transcribing, its tail is extensively
phosphorylated on the Ser2 positions by a kinase associated with the
elongating polymerase and is eventually dephosphorylated at Ser5
positions. These further modifications attract splicing and 3’-end
processing proteins to the moving polymerase, positioning them to act on
the newly synthesized RNA as it emerges from the RNA polymerase. There
are many RNA-processing enzymes, and not all travel with the polymerase.
For RNA splicing, for example, the tail carries only a few critical
components; once transferred to an RNA molecule, they serve as a
nucleation site for the remaining components.

When RNA polymerase Il finishes transcribing a gene, it is released from
DNA, soluble phosphatases remove the phosphates on its tail, and it can
reinitiate transcription. Only the dephosphorylated form of RNA
polymerase Il is competent to begin RNA synthesis at a promoter.

RNAs during transcription, in part because these polymerases lack a CTD. In the
nucleus, the cap binds a protein complex called CBC (cap-binding complex),
which, as we discuss in subsequent sections, helps the RNA to be properly pro-
cessed and exported. The 5’-methyl cap also has an important role in the trans-
lation of mRNAs in the cytosol, as we discuss later in the chapter.

RNA Splicing Removes Intron Sequences from Newly Transcribed
Pre-mRNAs

As discussed in Chapter 4, the protein coding sequences of eucaryotic genes are
typically interrupted by noncoding intervening sequences (introns). Discovered
in 1977, this feature of eucaryotic genes came as a surprise to scientists, who had
been, until that time, familiar only with bacterial genes, which typically consist
of a continuous stretch of coding DNA that is directly transcribed into mRNA. In
marked contrast, eucaryotic genes were found to be broken up into small pieces
of coding sequence (expressed sequences or exoms) interspersed with much
longer intervening sequences or introns; thus, the coding portion of a eucaryotic
gene is often only a small fraction of the length of the gene (Figure 6-25).

Both intron and exon sequences are transcribed into RNA. The intron
sequences are removed from the newly synthesized RNA through the process of
RNA splicing. The vast majority of RNA splicing that takes place in cells func-
tions in the production of mRNA, and our discussion of splicing focuses on this
so-called precursor-mRNA (or pre-mRNA) splicing. Only after 5" and 3’ end pro-
cessing and splicing have taken place is such RNA termed mRNA.

Each splicing event removes one intron, proceeding through two sequen-
tial phosphoryl-transfer reactions known as transesterifications; these join two
exons while removing the intron as a “lariat” (Figure 6-26). Since the number
of high-energy phosphate bonds remains the same, these reactions could in

Figure 6-24 The reactions that cap the 5" end of each RNA molecule
synthesized by RNA polymerase Il. The final cap contains a novel 5’-to-5
linkage between the positively charged 7-methyl G residue and the 5" end
of the RNA transcript (see Figure 6-22B). The letter N represents any one of
the four ribonucleotides, although the nucleotide that starts an RNA chain
is usually a purine (an A or a G). (After A.J. Shatkin, BioEssays 7:275-277,
1987. With permission from ICSU Press.)
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Figure 6-25 Structure of two human genes showing the arrangement of exons and introns. (A) The relatively small
B-globin gene, which encodes one of the subunits of the oxygen-carrying protein hemoglobin, contains 3 exons (see also
Figure 4-7). (B) The much larger Factor VIIl gene contains 26 exons; it codes for a protein (Factor VIII) that functions in the
blood-clotting pathway. The most prevalent form of hemophilia results from mutations in this gene.

principle take place without nucleoside triphosphate hydrolysis. However, the
machinery that catalyzes pre-mRNA splicing is complex, consisting of 5 addi-
tional RNA molecules and as many as 200 proteins, and it hydrolyzes many ATP
molecules per splicing event. This additional complexity ensures that splicing is
accurate, while at the same time being flexible enough to deal with the enor-
mous variety of introns found in a typical eucaryotic cell.

It may seem wasteful to remove large numbers of introns by RNA splicing. In
attempting to explain why it occurs, scientists have pointed out that the
exon-intron arrangement would seem to facilitate the emergence of new and
useful proteins over evolutionary time scales. Thus, the presence of numerous
introns in DNA allows genetic recombination to readily combine the exons of
different genes (see p. 140), enabling genes for new proteins to evolve more eas-
ily by the combination of parts of preexisting genes. The observation, described
in Chapter 3, that many proteins in present-day cells resemble patchworks com-
posed from a common set of protein domains, supports this idea.

RNA splicing also has a present-day advantage. The transcripts of many
eucaryotic genes (estimated at 75% of genes in humans) are spliced in more
than one way, thereby allowing the same gene to produce a corresponding set of
different proteins (Figure 6-27). Rather than being the wasteful process it may
have seemed at first sight, RNA splicing enables eucaryotes to increase the
already enormous coding potential of their genomes. We shall return to this idea
again in this chapter and the next, but we first need to describe the cellular
machinery that performs this remarkable task.
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Figure 6-26 The pre-mRNA splicing
reaction. (A) In the first step, a specific
adenine nucleotide in the intron
sequence (indicated in red) attacks the

5’ splice site and cuts the sugar-
phosphate backbone of the RNA at this
point. The cut 5" end of the intron
becomes covalently linked to the adenine
nucleotide, as shown in detail in (B),
thereby creating a loop in the RNA

O OH molecule. The released free 3'-OH end of
- lariat O'E 3 o= ll, —o the exon sequence then reacts with t.he
| start of the next exon sequence, joining
1 !__3; o the two exons together and releasing the
A 3’ end of intron intron sequence in the shape of a lariat.
3 sequence The two exon sequences thereby become

~OH

5’ I N 3’

joined into a continuous coding
sequence; the released intron sequence is
eventually degraded.
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Nucleotide Sequences Signal Where Splicing Occurs

The mechanism of pre-mRNA splicing shown in Figure 6-26 implies that the
splicing machinery must recognize three portions of the precursor RNA
molecule: the 5’ splice site, the 3’ splice site, and the branch point in the intron
sequence that forms the base of the excised lariat. Not surprisingly, each site has
a consensus nucleotide sequence that is similar from intron to intron and pro-
vides the cell with cues for where splicing is to take place (Figure 6-28). How-
ever, these consensus sequences are relatively short and can accommodate a
high degree of sequence variability; as we shall see shortly, the cell incorporates
additional types of information to ultimately choose exactly where, on each RNA
molecule, splicing is to take place.

The high variability of the splicing consensus sequences presents a special
challenge for scientists attempting to decipher genome sequences. Introns
range in size from about 10 nucleotides to over 100,000 nucleotides, and choos-
ing the precise borders of each intron is a difficult task even with the aid of pow-
erful computers. The possibility of alternative splicing compounds the problem
of predicting protein sequences solely from a genome sequence. This difficulty
is one of the main barriers to identifying all of the genes in a complete genome
sequence, and it is one of the primary reasons why we know only the approxi-
mate number of genes in the human genome.

RNA Splicing Is Performed by the Spliceosome

Unlike the other steps of mRNA production we have discussed, key steps in RNA
splicing are performed by RNA molecules rather than proteins. Specialized RNA
molecules recognize the nucleotide sequences that specify where splicing is to
occur and also participate in the chemistry of splicing. These RNA molecules are
relatively short (less than 200 nucleotides each), and there are five of them (U1,
U2, U4, U5, and U6) involved in the major form of pre-mRNA splicing. Known as
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Figure 6-27 Alternative splicing of the
a-tropomyosin gene from rat.
ao-Tropomyosin is a coiled-coil protein
(see Figure 3-9) that regulates
contraction in muscle cells. The primary
transcript can be spliced in different
ways, as indicated in the figure, to
produce distinct mRNAs, which then give
rise to variant proteins. Some of the
splicing patterns are specific for certain
types of cells. For example, the
o-tropomyosin made in striated muscle is
different from that made from the same
gene in smooth muscle. The arrowheads
in the top part of the figure mark the
sites where cleavage and poly-A addition
form the 3" ends of the mature mRNAs.

Figure 6-28 The consensus nucleotide
sequences in an RNA molecule that
signal the beginning and the end of most
introns in humans. Only the three blocks
of nucleotide sequences shown are
required to remove an intron sequence;
the rest of the intron can be occupied by
any nucleotides. Here A, G, U, and C are
the standard RNA nucleotides; R stands for
purines (A or G); and Y stands for
pyrimidines (C or U). The A highlighted in
red forms the branch point of the lariat
produced by splicing. Only the GU at the
start of the intron and the AG at its end are
invariant nucleotides in the splicing
consensus sequences. Several different
nucleotides can occupy the remaining
positions (even the branch point A),
although the indicated nucleotides are
preferred. The distances along the RNA
between the three splicing consensus
sequences are highly variable; however,
the distance between the branch point
and 3" splice junction is typically much
shorter than that between the 5’ splice
junction and the branch point.

LCY Biotechnology Holding, Inc.

Ex. 1008
Page 96 of 240



350 Chapter 6: How Cells Read the Genome: From DNA to Protein

snRNAs (small nuclear RNAs), each is complexed with at least seven protein
subunits to form a snRNP (small nuclear ribonucleoprotein). These snRNPs
form the core of the spliceosome, the large assembly of RNA and protein
molecules that performs pre-mRNA splicing in the cell.

The spliceosome is a complex and dynamic machine. When studied in vitro,
a few components of the spliceosome assemble on pre-mRNA and, as the splic-
ing reaction proceeds, new components enter as those that have already per-
formed their tasks are jettisoned (Figure 6-29). However, many scientists believe
that, inside the cell, the spliceosome is a preexisting, loose assembly of all the
components—capturing, splicing and releasing RNA as a coordinated unit, and
undergoing extensive rearrangements each time a splice is made. During the
splicing reaction, recognition of the 5" splice junction, the branch-point site, and
the 3’ splice junction is performed largely through base-pairing between the
snRNAs and the consensus RNA sequences in the pre-mRNA substrate (Figure

Figure 6-29 The pre-mRNA splicing
mechanism. RNA splicing is catalyzed by
an assembly of snRNPs (shown as colored
circles) plus other proteins (most of which
are not shown), which together
constitute the spliceosome. The
spliceosome recognizes the splicing
signals on a pre-mRNA molecule, brings
the two ends of the intron together, and
provides the enzymatic activity for the
two reaction steps (see Figure 6-26).

The U1 snRNP forms base pairs with the 5’
ice junction (see Figure 6-30A) and the
BBP (branch-point binding protein) and
U2AF (U2 auxilliary factor) recognize the
branch-point site.

The U2 snRNP displaces BBP and U2AF and
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BBP U2/AF
exon 1 intron P\ ) exon 2 portion of a spl
5 A 3’ pre-mRNA
J transcript
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U2AF
U2 snRNP
intron
5’ A I 3
y-‘* U4/U6eU5 “triple”snRNP
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forms base pairs with the branch-point site
consensus sequence (see Figure 6-30B).

The U4/U6eU5 “triple” snRNP enters the
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reaction. In this triple snRNP, the U4 and U6
snRNAs are held firmly together by base-pair
interactions. Subsequent rearrangements
create the active site of the spliccosome and
position the appropriate portions of the
pre-mRNA substrate for the first
phosphoryl-transferase reaction.

Several more RNA-RNA rearrangements
occur that break apart the U4/U6 base pairs
and allow the U6 snRNP to displace U1 at
the 5" splice junction (see Figure 6-30A) to
form the active site for the second
phosphoryl-transferase reaction, which
completes the splice.
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6-30). In the course of splicing, the spliceosome undergoes several shifts in
which one set of base-pair interactions is broken and another is formed in its
place. For example, U1 is replaced by U6 at the 5" splice junction (see Figure
6-30A). This type of RNA-RNA rearrangement (in which the formation of one
RNA-RNA interaction requires the disruption of another) occurs several times
during the splicing reaction. It permits the checking and rechecking of RNA
sequences before the chemical reaction is allowed to proceed, thereby increas-
ing the accuracy of splicing.

The Spliceosome Uses ATP Hydrolysis to Produce a Complex
Series of RNA-RNA Rearrangements

Although ATP hydrolysis is not required for the chemistry of RNA splicing per se,
it is required for the assembly and rearrangements of the spliceosome. Some of
the additional proteins that make up the spliceosome use the energy of ATP
hydrolysis to break existing RNA-RNA interactions to allow the formation of new
ones. In fact, all the steps shown previously in Figure 6-29—except the associa-
tion of BBP with the branch-point site and U1 snRNP with the 5" splice site—
require ATP hydrolysis and additional proteins. Each successful splice requires
as many as 200 proteins, if we include those that form the snRNPs.

The ATP-requiring RNA-RNA rearrangements that take place in the spliceo-
some occur within the snRNPs themselves and between the snRNPs and the pre-
mRNA substrate. One of the most important functions of these rearrangements
is the creation of the active catalytic site of the spliceosome. The strategy of cre-
ating an active site only after the assembly and rearrangement of splicing com-
ponents on a pre-mRNA substrate is a particularly effective way to prevent way-
ward splicing.
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Figure 6-30 Several of the
rearrangements that take place in the
spliceosome during pre-mRNA splicing.
Shown here are the details for the yeast
Saccharomyces cerevisiae, in which the
nucleotide sequences involved are
slightly different from those in human
cells. (A) The exchange of U1 snRNP for
U6 snRNP occurs before the first
phosphoryl-transfer reaction (see Figure
6-29). This exchange requires the

5’ splice site to be read by two different
snRNPs, thereby increasing the accuracy
of 5" splice site selection by the
spliceosome. (B) The branch-point site is
first recognized by BBP and subsequently
by U2 snRNP; as in (A), this “check and
recheck” strategy provides increased
accuracy of site selection. The binding of
U2 to the branch point forces the
appropriate adenine (in red) to be
unpaired and thereby activates it for the
attack on the 5 splice site (see Figure
6-29). This, in combination with
recognition by BBP, is the way in which
the spliceosome accurately chooses the
adenine that is ultimately to form the
branch point. (C) After the first
phosphoryl-transfer reaction (left) has
occurred, a series of rearrangements
brings the two exons into close proximity
for the second phosphoryl-transfer
reaction (right). The snRNAs both position
the reactants and provide (either all or in
part) the catalytic sites for the two
reactions. The U5 snRNP is present in the
spliceosome before this rearrangement
occurs; for clarity it has been omitted
from the left panel. As discussed in the
text, all of the RNA-RNA rearrangements
shown in this figure (as well as others
that occur in the spliceosome but are not
shown) require the participation of
additional proteins and ATP hydrolysis.
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352 Chapter 6: How Cells Read the Genome: From DNA to Protein

Perhaps the most surprising feature of the spliceosome is the nature of the
catalytic site itself: it is largely (if not exclusively) formed by RNA molecules
instead of proteins. In the last section of this chapter we discuss in general terms
the structural and chemical properties of RNA that allow it to perform catalysis;
here we need only consider that the U2 and U6 snRNAs in the spliceosome form
a precise three-dimensional RNA structure that juxtaposes the 5" splice site of
the pre-mRNA with the branch-point site and probably performs the first trans-
esterification reaction (see Figure 6-30C). In a similar way, the 5" and 3’ splice
junctions are brought together (an event requiring the U5 snRNA) to facilitate
the second transesterification.

Once the splicing chemistry is completed, the snRNPs remain bound to the
lariat. The disassembly of these snRNPs from the lariat (and from each other)
requires another series of RNA-RNA rearrangements that require ATP hydroly-
sis, thereby returning the snRNAs to their original configuration so that they can
be used again in a new reaction. At the completion of a splice, the spliceosome
directs a set of proteins to bind to the mRNA near the position formerly occu-
pied by the intron. Called the exon junction complex (EJC), these proteins mark
the site of a successful splicing event and, as we shall see later in this chapter,
influence the subsequent fate of the mRNA.

Other Properties of Pre-mRNA and Its Synthesis Help to Explain
the Choice of Proper Splice Sites

As we have seen, intron sequences vary enormously in size, with some being in
excess of 100,000 nucleotides. If splice-site selection were determined solely by
the snRNPs acting on a preformed, protein-free RNA molecule, we would expect
splicing mistakes—such as exon skipping and the use of “cryptic” splice sites—
to be very common (Figure 6-31). The fidelity mechanisms built into the
spliceosome, however, are supplemented by two additional strategies that
increase the accuracy of splicing. The first is simply a consequence of the early
stages of splicing occurring while the pre-mRNA molecules are being synthe-
sized by RNA polymerase II. As transcription proceeds, the phosphorylated tail
of RNA polymerase carries several components of the spliceosome (see Figure
6-23), and these components are transferred directly from the polymerase to the
RNA as RNA is synthesized. This strategy helps the cell keep track of introns and
exons: for example, the snRNPs that assemble at a 5" splice site are initially pre-
sented with only a single 3’ splice site since the sites further downstream have
not yet been synthesized. The coordination of transcription with splicing is
especially important in preventing inappropriate exon skipping.

A strategy called “exon definition” is another way cells choose the appropri-
ate splice sites. Exon size tends to be much more uniform than intron size, aver-
aging about 150 nucleotide pairs across a wide variety of eucaryotic organisms
(Figure 6-32). According to the exon definition idea, the splicing machinery ini-
tially seeks out the relatively homogenously sized exon sequences. As RNA syn-
thesis proceeds, a group of additional components (most notably SR proteins, so-
named because they contain a domain rich in serines and arginines) assemble on
exon sequences and help to mark off each 3" and 5’ splice site starting at the 5
end of the RNA (Figure 6-33). These proteins, in turn, recruit Ul snRNA, which

(A) (B)
exon 1 exon 2 exon 3 exon 1 exon 2
5 . . 3 5 N 3
L1
e soli cryptic
i cryptic splice splicing
exon skipping site selection signals

portion of exon 2
exon 1 exon 3 exon 1

5 I 3 5 N 3

Figure 6-31 Two types of splicing errors.
(A) Exon skipping. (B) Cryptic splice-site
selection. Cryptic splicing signals are
nucleotide sequences of RNA that closely
resemble true splicing signals.
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marks the downstream exon boundary, and U2AE which specifies the upstream
one. By specifically marking the exons in this way and thereby taking advantage
of the relatively uniform size of exons, the cell increases the accuracy with which
it deposits the initial splicing components on the nascent RNA and thereby helps
to avoid cryptic splice sites. How the SR proteins discriminate exon sequences
from intron sequences is not understood in detail; however, it is known that some
of the SR proteins bind preferentially to specific RNA sequences in exons, termed
splicing enhancers. In principle, since any one of several different codons can be
used to code for a given amino acid, there is freedom to adjust the exon
nucleotide sequence so as to form a binding site for an SR protein, without nec-
essarily affecting the amino acid sequence that the exon specifies.

Both the marking of exon and intron boundaries and the assembly of the
spliceosome begin on an RNA molecule while it is still being elongated by RNA
polymerase at its 3" end. However, the actual chemistry of splicing can take place
much later. This delay means that intron sequences are not necessarily removed
from a pre-mRNA molecule in the order in which they occur along the RNA
chain. It also means that, although spliceosome assembly is co-transcriptional,
the splicing reactions sometimes occur posttranscriptionally—that is, after a
complete pre-mRNA molecule has been made.

A Second Set of snRNPs Splice a Small Fraction of Intron
Sequences in Animals and Plants

Simple eucaryotes such as yeasts have only one set of snRNPs that perform all
pre-mRNA splicing. However, more complex eucaryotes such as flies, mammals,
and plants have a second set of snRNPs that direct the splicing of a small frac-
tion of their intron sequences. This minor form of spliceosome recognizes a dif-
ferent set of RNA sequences at the 5" and 3’ splice junctions and at the branch
point; it is called the Ul12-type splicecosome because of the involvement of the
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Figure 6-32 Variation in intron and exon
lengths in the human, worm, and fly
genomes. (A) Size distribution of exons.
(B) Size distribution of introns. Note that
exon length is much more uniform than
intron length. (Adapted from
International Human Genome
Sequencing Consortium, Nature
409:860-921, 2001. With permission from
Macmillan Publishers Ltd.)

Figure 6-33 The exon definition idea.
According to one proposal, SR proteins
bind to each exon sequence in the pre-
mRNA and thereby help to guide the
snRNPs to the proper intron/exon
boundaries. This demarcation of exons by
the SR proteins occurs co-transcriptionally,
beginning at the CBC (cap-binding
complex) at the 5” end. As indicated, the
intron sequences in the pre-mRNA, which
can be extremely long, are packaged into
hnRNP (heterogeneous nuclear
ribonucleoprotein) complexes that
compact them into more manageable
structures and perhaps mask cryptic splice
sites. It has been proposed that hnRNP
proteins may preferentially associate with
intron sequences and that this preference
may also help the spliceosome distinguish
introns from exons. However, as shown, at
least some hnRNP proteins also bind to
exon sequences. (Adapted from R. Reed,
Curr. Opin. Cell Biol. 12:340-345, 2000. With
permission from Elsevier.)
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U12 SnRNP (Figure 6-34A). Despite recognizing different nucleotide sequences,
the snRNPs in this spliceosome make the same types of RNA-RNA interactions
with the pre-mRNA and with each other as do the major snRNPs (Figure 6-34B).
Although, as we have seen, components of the major spliceosomes travel with
RNA polymerase II as it transcribes genes, this may not be the case for the U12
spliceosome. It is possible that Ul2-mediated splicing is thereby delayed, and
this presents the cell with a way to co-regulate splicing of the several hundred
genes whose expression requires this spliceosome. A number of mammalian
mRNAs contain a mixture of introns, some removed by the major spliceosome
and others by the minor spliceosome, and it has been proposed that this arrange-
ment permits particularly complex patterns of alternative splicing to occur.

A few eucaryotic organisms exhibit a particular variation on splicing, called
trans-splicing. These organisms include the single-celled trypanosomes—pro-
tozoans that cause African sleeping sickness in humans—and the model multi-
cellular organism, the nematode worm. In trans-splicing, exons from two sep-
arate RNA transcripts are spliced together to form a mature mRNA molecule
(see Figure 6-34A). Trypanosomes produce all of their mRNAs in this way,
whereas trans-splicing accounts for only about 1% of nematode mRNAs. In
both cases, a single exon is spliced onto the 5" end of many different RNA tran-
scripts produced by the cell; in this way, all of the products of trans-splicing
have the same 5" exon and different 3" exons. Many of the same snRNPs that
function in conventional splicing are used in this reaction, although trans-
splicing uses a unique snRNP (called the SL RNP) that brings in the common
exon (see Figure 6-34).
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Figure 6-34 Outline of the mechanisms
used for three types of RNA splicing.

(A) Three types of splicecosomes. The
major spliceosome (left), the U12-type
spliceosome (middle), and the
trans-spliceosome (right) are each shown
at two stages of assembly. Introns
removed by the U12-type spliceosome
have a different set of consensus
nucleotide sequences from those
removed by the major spliceosome. In
humans, it is estimated that 0.1% of
introns are removed by the U12-type
spliceosome. In trans-splicing, which
does not occur in humans, the SL snRNP
is consumed in the reaction because a
portion of the SL snRNA becomes the
first exon of the mature mRNA. (B) The
major U6 snRNP and the U6 snRNP
specific to the U12-type spliceosome
both recognize the 5’ splice junction, but
they do so through a different set of
base-pair interactions. The sequences
shown are from humans. (Adapted from
Y.T.Yu et al., The RNA World, pp. 487-524.
Cold Spring Harbor, New York: Cold
Spring Harbor Laboratory Press, 1999.)
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Figure 6-35 Abnormal processing of the B-globin primary RNA transcript
in humans with the disease P thalassemia. In the examples shown, the
disease is caused by splice-site mutations (black arrowheads) found in the
genomes of affected patients. The dark blue boxes represent the three
normal exon sequences; the red lines indicate the 5" and 3’ splice sites. The
light blue boxes depict new nucleotide sequences included in the final
mRNA molecule as a result of the mutation. Note that when a mutation
leaves a normal splice site without a partner, an exon is skipped or one or
more abnormal cryptic splice sites nearby is used as the partner site, as in
(C) and (D). (Adapted in part from S.H. Orkin, in The Molecular Basis of
Blood Diseases [G. Stamatoyannopoulos et al., eds.], pp. 106-126.
Philadelphia: Saunders, 1987.)

We do not know why even a few organisms use trans-splicing; however, it is
thought that the common 5’ exon may aid in the translation of the mRNA. Thus,
the mRNAs produced by trans-splicing in nematodes seem to be translated with
especially high efficiency.

RNA Splicing Shows Remarkable Plasticity

We have seen that the choice of splice sites depends on such features of the pre-
mRNA transcript as the affinity of the three signals on the RNA (the 5 and 3’
splice junctions and the branch point) for the splicing machinery, the co-tran-
scriptional assembly of the spliceosome, and the “bookkeeping” that underlies
exon definition. We do not know how accurate splicing normally is because, as
we see later, there are several quality control systems that rapidly destroy
mRNAs whose splicing goes awry. However, we do know that, compared with
other steps in gene expression, splicing is unusually flexible. For example, a
mutation in a nucleotide sequence critical for splicing of a particular intron does
not necessarily prevent splicing of that intron altogether. Instead, the mutation
typically creates a new pattern of splicing (Figure 6-35). Most commonly, an
exon is simply skipped (Figure 6-35B). In other cases, the mutation causes a
cryptic splice junction to be efficiently used (Figure 6-35C). Apparently, the
splicing machinery has evolved to pick out the best possible pattern of splice
junctions, and if the optimal one is damaged by mutation, it will seek out the
next best pattern, and so on. This flexibility in the process of RNA splicing sug-
gests that changes in splicing patterns caused by random mutations have been
an important pathway in the evolution of genes and organisms.

The plasticity of RNA splicing also means that the cell can regulate the pat-
tern of RNA splicing. Earlier in this section we saw that alternative splicing can
give rise to different proteins from the same gene. Some examples of alternative
splicing are constitutive; that is, the alternatively spliced mRNAs are produced
continuously by cells of an organism. However, in many cases, the cell regulates
the splicing patterns so that different forms of the protein are produced at dif-
ferent times and in different tissues (see Figure 6-27). In Chapter 7 we return to
this issue to discuss some specific examples of regulated RNA splicing.

Spliceosome-Catalyzed RNA Splicing Probably Evolved from
Self-splicing Mechanisms

When the spliceosome was first discovered, it puzzled molecular biologists. Why
do RNA molecules instead of proteins perform important roles in splice site
recognition and in the chemistry of splicing? Why is a lariat intermediate used
rather than the apparently simpler alternative of bringing the 5" and 3’ splice
sites together in a single step, followed by their direct cleavage and rejoining?
The answers to these questions reflect the way in which the spliceosome is
believed to have evolved.
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As discussed briefly in Chapter 1 (and in more detail in the final section of
this chapter), it is likely that early cells used RNA molecules rather than proteins
as their major catalysts and that they stored their genetic information in RNA
rather than in DNA sequences. RNA-catalyzed splicing reactions presumably
had important roles in these early cells. As evidence, some self-splicing RNA
introns (that is, intron sequences in RNA whose splicing out can occur in the
absence of proteins or any other RNA molecules) remain today—for example, in
the nuclear rRNA genes of the ciliate Tetrahymena, in a few bacteriophage T4
genes, and in some mitochondrial and chloroplast genes.

A self-splicing intron sequence can be identified in a test tube by incubating
a pure RNA molecule that contains the intron sequence and observing the splic-
ing reaction. Two major classes of self-splicing intron sequences can be distin-
guished in this way. Group I intron sequences begin the splicing reaction by bind-
ing a G nucleotide to the intron sequence; this G is thereby activated to form the
attacking group that will break the first of the phosphodiester bonds cleaved
during splicing (the bond at the 5" splice site). In group II intron sequences, an
especially reactive A residue in the intron sequence is the attacking group, and a
lariat intermediate is generated. Otherwise the reaction pathways for the two
types of self-splicing intron sequences are the same. Both are presumed to rep-
resent vestiges of very ancient mechanisms (Figure 6-36).

For both types of self-splicing reactions, the nucleotide sequence of the
intron is critical; the intron RNA folds into a specific three-dimensional struc-
ture, which brings the 5" and 3 splice junctions together and provides precisely
positioned reactive groups to perform the chemistry (see Figure 6-6C). Because
the chemistries of their splicing reactions are so similar, it has been proposed
that the pre-mRNA splicing mechanism of the spliceosome evolved from group

Group | self-splicing intron sequences Group I self-splicing intron sequences

intron
intron sequence
sequence —
5’ exon 3 . 3" exon 5" exon 2 . 3’ exon
sequence HO=G sequence sequence HO=A sequence
5 4_, <« / , precursor , g ;) ,
3 RNA molecule > 3
OH\G transient IOH A
5 — — 3 intermediate 5 ‘ 3
excised ]
lariat
intron —
sequence
-G A
-OH -OH
+ ligated exon +
5 3 sequences 5 3

Figure 6-36 The two known classes of
self-splicing intron sequences. The
figure emphasizes the similarities
between the two mechanisms. Both are
normally aided by proteins in the cell that
speed up the reaction, but the catalysis is
nevertheless mediated by the RNA in the
intron sequence. The group | intron
sequences bind a free G nucleotide to a
specific site on the RNA to initiate
splicing, while the group Il intron
sequences use an especially reactive A
nucleotide in the intron sequence itself
for the same purpose. Both types of self-
splicing reactions require the intron to be
folded into a highly specific three-
dimensional structure that provides the
catalytic activity for the reaction (see
Figure 6-6). The mechanism used by
group Il intron sequences releases the
intron as a lariat structure and closely
resembles the pathway of pre-mRNA
splicing catalyzed by the spliceosome
(compare with Figure 6-29). The
spliceosome performs most RNA splicing
in eucaryotic cells, and self-splicing RNAs
represent unusual cases. (Adapted from
T.R. Cech, Cell 44:207-210, 1986. With
permission from Elsevier.)
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II self-splicing. According to this idea, when the spliceosomal snRNPs took over
the structural and chemical roles of the group Il introns, the strict sequence con-
straints on intron sequences would have disappeared, thereby permitting a vast
expansion in the number of different RNAs that could be spliced.

RNA-Processing Enzymes Generate the 3’ End of Eucaryotic
mRNAs

As previously explained, the 5" end of the pre-mRNA produced by RNA poly-
merase II is capped almost as soon as it emerges from the RNA polymerase.
Then, as the polymerase continues its movement along a gene, the spliceosome
assembles on the RNA and delineates the intron and exon boundaries. The long
C-terminal tail of the RNA polymerase coordinates these processes by transfer-
ring capping and splicing components directly to the RNA as it emerges from the
enzyme. We see in this section that, as RNA polymerase II reaches the end of a
gene, a similar mechanism ensures that the 3" end of the pre-mRNA is appropri-
ately processed.

As might be expected, the position of the 3" end of each mRNA molecule is
ultimately specified by a signal encoded in the genome (Figure 6-37). These sig-
nals are transcribed into RNA as the RNA polymerase II moves through them,
and they are then recognized (as RNA) by a series of RNA-binding proteins and
RNA-processing enzymes (Figure 6-38). Two multisubunit proteins, called CstF
(cleavage stimulation factor) and CPSF (cleavage and polyadenylation speci-
ficity factor), are of special importance. Both of these proteins travel with the
RNA polymerase tail and are transferred to the 3’-end processing sequence on
an RNA molecule as it emerges from the RNA polymerase.

Once CstF and CPSF bind to specific nucleotide sequences on the emerging
RNA molecule, additional proteins assemble with them to create the 3" end of
the mRNA. First, the RNA is cleaved (see Figure 6-38). Next an enzyme called
poly-A polymerase (PAP) adds, one at a time, approximately 200 A nucleotides to
the 3’ end produced by the cleavage. The nucleotide precursor for these addi-
tions is ATP, and the same type of 5’-to-3" bonds are formed as in conventional
RNA synthesis (see Figure 6-4). Unlike the usual RNA polymerases, poly-A poly-
merase does not require a template; hence the poly-A tail of eucaryotic mRNAs

Figure 6-38 Some of the major steps in generating the 3’ end of a
eucaryotic mRNA. This process is much more complicated than the
analogous process in bacteria, where the RNA polymerase simply stops at a
termination signal and releases both the 3" end of its transcript and the
DNA template (see Figure 6-11).
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Figure 6-37 Consensus nucleotide
sequences that direct cleavage and
polyadenylation to form the 3’ end of a
eucaryotic mRNA. These sequences are
encoded in the genome; specific proteins
recognize them after they are transcribed
into RNA. The hexamer AAUAAA is bound
by CPSF, the GU-rich element beyond the
cleavage site is bound by CstF (see Figure
6-38), and the CA sequence is bound by
a third factor required for the cleavage
step. Like other consensus nucleotide
sequences discussed in this chapter (see
Figure 6-12), the sequences shown in the
figure represent a variety of individual
cleavage and polyadenylation signals.
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358 Chapter 6: How Cells Read the Genome: From DNA to Protein

is not directly encoded in the genome. As the poly-A tail is synthesized, proteins
called poly-A-binding proteins assemble onto it and, by a poorly understood
mechanism, determine the final length of the tail. Some poly-A-binding proteins
remain bound to the poly-A tail as the mRNA travels from the nucleus to the
cytosol and they help to direct the synthesis of a protein on the ribosome, as we
see later in this chapter.

After the 3’ end of a eucaryotic pre-mRNA molecule has been cleaved, the
RNA polymerase II continues to transcribe, in some cases for hundreds of
nucleotides. But the polymerase soon releases its grip on the template and tran-
scription terminates. After 3’-end cleavage has occurred, the newly synthesized
RNA that emerges from the polymerases lacks a 5" cap; this unprotected RNA is
rapidly degraded by a 5* — 3" exonuclease, which is carried along on the poly-
merase tail. Apparently, it is this RNA degradation that eventually causes the
RNA polymerase to dissociate from the DNA.

Mature Eucaryotic mRNAs Are Selectively Exported from the
Nucleus

We have seen how eucaryotic pre-mRNA synthesis and processing take place in
an orderly fashion within the cell nucleus. However, these events create a special
problem for eucaryotic cells, especially those of complex organisms where the
introns are vastly longer than the exons. Of the pre-mRNA that is synthesized,
only a small fraction—the mature mRNA—is of further use to the cell. The rest—
excised introns, broken RNAs, and aberrantly processed pre-mRNAs—is not only
useless but potentially dangerous. How, then, does the cell distinguish between
the relatively rare mature mRNA molecules it wishes to keep and the overwhelm-
ing amount of debris from RNA processing?

The answer is that, as an RNA molecule is processed, it loses certain proteins
and acquires others, thereby signifying the successful completion of each of the
different steps. For example, we have seen that acquisition of the cap-binding
complexes, the exon junction complexes, and the poly-A-binding proteins mark
the completion of capping, splicing, and poly-A addition, respectively. A properly
completed mRNA molecule is also distinguished by the proteins it lacks. For
example, the presence of a sSnRNP would signify incomplete or aberrant splicing.
Only when the proteins present on an mRNA molecule collectively signify that
processing was successfully completed is the mRNA exported from the nucleus
into the cytosol, where it can be translated into protein. Improperly processed
mRNAs, and other RNA debris are retained in the nucleus, where they are even-
tually degraded by the nuclear exosome, a large protein complex whose interior
isrich in 3’-to-5" RNA exonucleases. Eucaryotic cells thus export only useful RNA
molecules to the cytoplasm, while debris is disposed of in the nucleus.

Of all the proteins that assemble on pre-mRNA molecules as they emerge
from transcribing RNA polymerases, the most abundant are the hnRNPs (het-
erogeneous nuclear ribonuclear proteins) (see Figure 6-33). Some of these pro-
teins (there are approximately 30 of them in humans) unwind the hairpin helices
from the RNA so that splicing and other signals on the RNA can be read more
easily. Others preferentially package the RNA contained in the very long intron
sequences typically found in genes of complex organisms. They may therefore
play an important role in distinguishing mature mRNA from the debris left over
from RNA processing.

Successfully processed mRNAs are guided through the nuclear pore com-
plexes (NPCs)—aqueous channels in the nuclear membrane that directly con-
nect the nucleoplasm and cytosol (Figure 6-39). Small molecules (less than
50,000 daltons) can diffuse freely through these channels. However, most of the
macromolecules in cells, including mRNAs complexed with proteins, are far too
large to pass through the channels without a special process. The cell uses
energy to actively transport such macromolecules in both directions through
the nuclear pore complexes.

As explained in detail in Chapter 12, macromolecules are moved through
nuclear pore complexes by nuclear transport receptors, which, depending on the
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Figure 6-39 Transport of a large mRNA molecule through the nuclear pore complex. (A) The maturation of an mRNA
molecule as it is synthesized by RNA polymerase and packaged by a variety of nuclear proteins. This drawing of an
unusually abundant RNA, called the Balbiani Ring mRNA, is based on EM micrographs such as that shown in (B). Balbiani
Rings are found in the cells of certain insects. (A, adapted from B. Daneholt, Cell 88:585-588, 1997. With permission from
Elsevier; B, from B.J. Stevens and H. Swift, J. Cell Biol. 31:55-77, 1966. With permission from The Rockefeller University Press.)

identity of the macromolecule, escort it from the nucleus to the cytoplasm or
vice versa. For mRNA export to occur, a specific nuclear transport receptor must
be loaded onto the mRNA, a step that, at least in some organisms, takes place in
concert with 3" cleavage and polyadenylation. Once it helps to move an RNA
molecule through the nuclear pore complex, the transport receptor dissociates
from the mRNA, re-enters the nucleus, and exports a new mRNA molecule (Fig-
ure 6-40).

The export of mRNA-protein complexes from the nucleus can be observed
with the electron microscope for the unusually abundant mRNA of the insect
Balbiani Ring genes. As these genes are transcribed, the newly formed RNA is
seen to be packaged by proteins, including hnRNPs, SR proteins, and compo-
nents of the spliceosome. This protein-RNA complex undergoes a series of
structural transitions, probably reflecting RNA processing events, culminating
in a curved fiber (see Figure 6-39). This curved fiber moves through the nucleo-
plasm and enters the nuclear pore complex (with its 5" cap proceeding first), and
it then undergoes another series of structural transitions as it moves through the
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Figure 6-40 Schematic illustration of an “export-ready” mRNA molecule and its transport through the nuclear pore. As
indicated, some proteins travel with the mRNA as it moves through the pore, whereas others remain in the nucleus. The
nuclear export receptor for mRNAs is a complex of proteins that is deposited when the mRNA has been correctly spliced
and polyadenylated. When the mRNA is exported to the cytosol, the export receptor dissociates from the mRNA and is
re-imported into the nucleus, where it can be used again. Just after it leaves the nucleus, and before it loses the cap-
binding complex (CBC) the mRNA is subjected to a final check, called nonsense-mediated decay, which is described later in
the chapter. Once it passes this test the mRNA continues to shed previously bound proteins and acquire new ones before it
is efficiently translated into protein. EJC, exon junction complex.
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pore. These and other observations reveal that the pre-mRNA-protein and
mRNA-protein complexes are dynamic structures that gain and lose numerous
specific proteins during RNA synthesis, processing, and export (see Figure 6-40).

As we have seen, some of these proteins mark the different stages of mRNA
maturation; other proteins deposited on the mRNA while it is still in the nucleus
can affect the fate of the RNA after it is transported to the cytosol. Thus, the sta-
bility of an mRNA in the cytosol, the efficiency with which it is translated into
protein, and its ultimate destination in the cytosol can all be determined by pro-
teins acquired in the nucleus that remain bound to the RNA after it leaves the
nucleus. We will discuss these issues in Chapter 7 when we turn to the post-tran-
scriptional control of gene expression.

We have seen that RNA synthesis and processing are closely coupled in the
cell, and it might be expected that export from the nucleus is somehow inte-
grated with these two processes. Although the Balbiani Ring RNAs can be seen
to move through the nucleoplasm and out through the nuclear pores, other
mRNAs appear to be synthesized and processed in close proximity to nuclear
pore complexes. In these cases, which may represent the majority of eucaryotic
genes, mRNA synthesis, processing, and transport all appear to be tightly cou-
pled; the mRNA can thus be viewed as emerging from the nuclear pore as a
newly manufactured car might emerge from an assembly line. Later in this
chapter, we will see that the cell performs an additional quality-control check on
each mRNA before it is allowed to be efficiently translated into protein.

Before discussing what happens to mRNAs after they leave the nucleus, we
briefly consider how the synthesis and processing of noncoding RNA molecules
occurs. Although there are many other examples, our discussion focuses on the
rRNAs that are critically important for the translation of mRNAs into protein.

Many Noncoding RNAs Are Also Synthesized and Processed in the
Nucleus

A few percent of the dry weight of a mammalian cell is RNA; of that, only about
3-5% is mRNA. A fraction of the remainder represents intron sequences before
they have been degraded, but the bulk of the RNA in cells performs structural
and catalytic functions (see Table 6-1, p. 336). The most abundant RNAs in cells
are the ribosomal RNAs (rRNAs), constituting approximately 80% of the RNA in
rapidly dividing cells. As discussed later in this chapter, these RNAs form the
core of the ribosome. Unlike bacteria—in which a single RNA polymerase syn-
thesizes all RNAs in the cell—eucaryotes have a separate, specialized poly-
merase, RNA polymerase I, that is dedicated to producing rRNAs. RNA poly-
merase I is similar structurally to the RNA polymerase II discussed previously;
however, the absence of a C-terminal tail in polymerase I helps to explain why
its transcripts are neither capped nor polyadenylated. As mentioned earlier, this
difference helps the cell distinguish between noncoding RNAs and mRNAs.

Because multiple rounds of translation of each mRNA molecule can provide
an enormous amplification in the production of protein molecules, many of the
proteins that are very abundant in a cell can be synthesized from genes that are
present in a single copy per haploid genome. In contrast, the RNA components
of the ribosome are final gene products, and a growing mammalian cell must
synthesize approximately 10 million copies of each type of ribosomal RNA in
each cell generation to construct its 10 million ribosomes. The cell can produce
adequate quantities of ribosomal RNAs only because it contains multiple copies
of the rRNA genes that code for ribosomal RNAs (rRNAs). Even E. coli needs
seven copies of its rRNA genes to meet the cell’s need for ribosomes. Human
cells contain about 200 rRNA gene copies per haploid genome, spread out in
small clusters on five different chromosomes (see Figure 4-11), while cells of the
frog Xenopus contain about 600 rRNA gene copies per haploid genome in a sin-
gle cluster on one chromosome (Figure 6-41).

There are four types of eucaryotic rRNAs, each present in one copy per ribo-
some. Three of the four rRNAs (188, 5.8S, and 28S) are made by chemically mod-
ifying and cleaving a single large precursor rRNA (Figure 6-42); the fourth (5S
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RNA) is synthesized from a separate cluster of genes by a different polymerase,
RNA polymerase III, and does not require chemical modification.

Extensive chemical modifications occur in the 13,000-nucleotide-long pre-
cursor rRNA before the rRNAs are cleaved out of it and assembled into ribo-
somes. These include about 100 methylations of the 2’-OH positions on
nucleotide sugars and 100 isomerizations of uridine nucleotides to pseudouri-
dine (Figure 6-43A). The functions of these modifications are not understood in
detail, but many probably aid in the folding and assembly of the final rRNAs and
some may subtly alter the function of ribosomes. Each modification is made at
a specific position in the precursor rRNA. These positions are specified by about
150 “guide RNAs,” which position themselves through base-pairing to the pre-
cursor rRNA and thereby bring an RNA-modifying enzyme to the appropriate
position (Figure 6-43B). Other guide RNAs promote cleavage of the precursor
rRNAs into the mature rRNAs, probably by causing conformational changes in
the precursor rRNA that expose these sites to nucleases. All of these guide RNAs
are members of a large class of RNAs called small nucleolar RNAs (or snoRNAs),
so named because these RNAs perform their functions in a subcompartment of
the nucleus called the nucleolus. Many snoRNAs are encoded in the introns of
other genes, especially those encoding ribosomal proteins. They are therefore
synthesized by RNA polymerase II and processed from excised intron
sequences.

Recently several snoRNA-like RNAs have been identified that are synthe-
sized only in cells of the brain. These are believed to direct the modification of
mRNAs, instead of rRNAs, and are likely to represent a new, but poorly under-
stood, type of gene regulatory mechanism.
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Figure 6-41 Transcription from tandemly
arranged rRNA genes, as seen in the
electron microscope. The pattern of
alternating transcribed gene and
nontranscribed spacer is readily seen.

A higher-magnification view of rRNA
genes is shown in Figure 6-9. (From

V.E. Foe, Cold Spring Harbor Symp. Quant.
Biol. 42:723-740, 1978. With permission
from Cold Spring Harbor Laboratory Press.)

Figure 6-42 The chemical modification
and nucleolytic processing of a
eucaryotic 45S precursor rRNA molecule
into three separate ribosomal RNAs.
Two types of chemical modifications
(color-coded as indicated in Figure 6-43)
are made to the precursor rRNA before it
is cleaved. Nearly half of the nucleotide
sequences in this precursor rRNA are
discarded and degraded in the nucleus.
The rRNAs are named according to their
“S"values, which refer to their rate of
sedimentation in an ultracentrifuge. The
larger the S value, the larger the rRNA.
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The Nucleolus Is a Ribosome-Producing Factory

The nucleolus is the most obvious structure seen in the nucleus of a eucaryotic
cell when viewed in the light microscope. Consequently, it was so closely scruti-
nized by early cytologists that an 1898 review could list some 700 references. We
now know that the nucleolus is the site for the processing of rRNAs and their
assembly into ribosome subunits. Unlike many of the major organelles in the
cell, the nucleolus is not bound by a membrane (Figure 6-44); instead, it is a
large aggregate of macromolecules, including the rRNA genes themselves, pre-
cursor rRNAs, mature rRNAs, rRNA-processing enzymes, snoRNPs, ribosomal
proteins and partly assembled ribosomes. The close association of all these
components presumably allows the assembly of ribosomes to occur rapidly and
smoothly.

peripheral heterochromatin

nuclear
envelope

nucleolus

dense
fibrillar
component

granular
component
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Figure 6-43 Modifications of the
precursor rRNA by guide RNAs. (A) Two
prominent covalent modifications occur
after rRNA synthesis; the differences from
the initially incorporated nucleotide are
indicated by red atoms. Pseudouridine is
an isomer of uridine; the base has been
“rotated” relative to the sugar. (B) As
indicated, snoRNAs determine the sites of
modification by base-pairing to
complementary sequences on the
precursor rRNA. The snoRNAs are bound
to proteins, and the complexes are called
snoRNPs. snoRNPs contain both the
guide sequences and the enzymes that
modify the rRNA.

Figure 6-44 Electron micrograph of a
thin section of a nucleolus in a human
fibroblast, showing its three distinct
zones. (A) View of entire nucleus.

(B) High-power view of the nucleolus. It is
believed that transcription of the rRNA
genes takes place between the fibrillar
center and the dense fibrillar component
and that processing of the rRNAs and
their assembly into the two subunits of
the ribosome proceeds outward from the
dense fibrillar component to the
surrounding granular components.
(Courtesy of E.G. Jordan and

J. McGovern.)
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Figure 6-45 Changes in the appearance of the nucleolus in a human cell
during the cell cycle. Only the cell nucleus is represented in this diagram.

In most eucaryotic cells the nuclear envelope breaks down during mitosis,
as indicated by the dashed circles.

Various types of RNA molecules play a central part in the chemistry and
structure of the nucleolus, suggesting that it may have evolved from an ancient
structure present in cells dominated by RNA catalysis. In present-day cells, the
rRNA genes also have an important role in forming the nucleolus. In a diploid
human cell, the rRNA genes are distributed into 10 clusters, located near the tips
of five different chromosome pairs (see Figure 4-11). During interphase these 10
chromosomes contribute DNA loops (containing the rRNA genes) to the nucle-
olus; in M-phase, when the chromosomes condense, the nucleolus disappears.
Finally, in the telophase part of mitosis, as chromosomes return to their semi-
dispersed state, the tips of the 10 chromosomes coalesce and the nucleolus
reforms (Figure 6-45 and Figure 6-46). The transcription of the rRNA genes by
RNA polymerase I is necessary for this process. As might be expected, the size of
the nucleolus reflects the number of ribosomes that the cell is producing. Its size
therefore varies greatly in different cells and can change in a single cell, occupy-
ing 25% of the total nuclear volume in cells that are making unusually large
amounts of protein.

Ribosome assembly is a complex process, the most important features of
which are outlined in Figure 6-47. In addition to its important role in ribosome
biogenesis, the nucleolus is also the site where other RNAs are produced and
other RNA—protein complexes are assembled. For example, the U6 snRNP, which
functions in pre-mRNA splicing (see Figure 6-29), is composed of one RNA
molecule and at least seven proteins. The U6 snRNA is chemically modified by
snoRNAs in the nucleolus before its final assembly there into the U6 snRNP.
Other important RNA-protein complexes, including telomerase (encountered
in Chapter 5) and the signal recognition particle (which we discuss in Chapter
12), are also believed to be assembled at the nucleolus. Finally, the tRNAs (trans-
fer RNAs) that carry the amino acids for protein synthesis are processed there as
well; like the rRNA genes, those encoding tRNAs are clustered in the nucleolus.
Thus, the nucleolus can be thought of as a large factory at which many different
noncoding RNAs are transcribed, processed, and assembled with proteins to
form a large variety of ribonucleoprotein complexes.

The Nucleus Contains a Variety of Subnuclear Structures

Although the nucleolus is the most prominent structure in the nucleus, several
other nuclear bodies have been observed and studied (Figure 6-48). These
include Cajal bodies (named for the scientist who first described them in 1906),
GEMS (Gemini of Cajal bodies), and interchromatin granule clusters (also called
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Figure 6-46 Nucleolar fusion. These light
micrographs of human fibroblasts grown
in culture show various stages of
nucleolar fusion. After mitosis, each of
the 10 human chromosomes that carry a
cluster of rRNA genes begins to form a
tiny nucleolus, but these rapidly coalesce
as they grow to form the single large
nucleolus typical of many interphase
cells. (Courtesy of E.G. Jordan and

J. McGovern.)
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“speckles”). Like the nucleolus, these other nuclear structures lack membranes
and are highly dynamic; their appearance is probably the result of the tight
association of protein and RNA components involved in the synthesis, assem-
bly, and storage of macromolecules involved in gene expression. Cajal bodies
and GEMS resemble one another and are frequently paired in the nucleus; it is
not clear whether they truly represent distinct structures. These are likely to be
the locations in which snoRNAs and snRNAs undergo covalent modifications
and final assembly with proteins. A group of guide RNAs, termed small Cajal
RNAs (scaRNAs), selects the sites of these modifications through base pairing.
Cajal bodies/ GEMS may also be sites where the snRNPs are recycled and their
RNAs are “reset” after the rearrangements that occur during splicing (see p. 352).
In contrast, the interchromatin granule clusters have been proposed to be stock-
piles of fully mature snRNPs and other RNA processing components that are
ready to be used in the production of mRNA (Figure 6-49).

Scientists have had difficulties in working out the function of these small
subnuclear structures, in part because their appearances differ between organ-
isms and can change dramatically as cells traverse the cell cycle or respond to
changes in their environment. Much of the progress now being made depends
on genetic tools—examination of the effects of designed mutations in model
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Figure 6-47 The function of the
nucleolus in ribosome and other
ribonucleoprotein synthesis. The 455
precursor rRNA is packaged in a large
ribonucleoprotein particle containing
many ribosomal proteins imported from
the cytoplasm. While this particle remains
at the nucleolus, selected pieces are
added and others discarded as it is
processed into immature large and small
ribosomal subunits. The two ribosomal
subunits are thought to attain their final
functional form only as each is
individually transported through the
nuclear pores into the cytoplasm. Other
ribonucleoprotein complexes, including
telomerase shown here, are also
assembled in the nucleolus.
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Figure 6-48 Visualization of some prominent nuclear bodies. (A)-(D) Micrographs of the same human cell nucleus, each
processed to show a particular set of nuclear structures. (E) All four images enlarged and superimposed. (A) shows the
location of the protein fibrillarin (a component of several snoRNPs), which is present at both nucleoli and Cajal bodies, the
latter indicated by arrows. (B) shows interchromatin granule clusters or “speckles” detected by using antibodies against a
protein involved in pre-mRNA splicing. (C) is stained to show bulk chromatin. (D) shows the location of the protein coilin,
which is present at Cajal bodies (arrows; see also Figure 4-67). (From J.R. Swedlow and A.l. Lamond, Gen. Biol. 2:1-7, 2001.
With permission from BioMed Central. Micrographs courtesy of Judith Sleeman.)

organisms or of spontaneous mutations in humans. As one example, GEMS con-
tain the SMN (survival of motor neurons) protein. Certain mutations of the gene
encoding this protein are the cause of inherited spinal muscular atrophy, a
human disease characterized by a wasting away of the muscles. The disease
seems to be caused by a defect in snRNP production. A more complete loss of

snRNPs would be expected to be lethal. Figure 6-49 Schematic view of
subnuclear structures. A typical
partially assembled vertebrate nucleus has several Cajal

bodies, which are proposed to be the
sites where snRNPs and snoRNPs
undergo their final modifications.
‘ Interchromatin granule clusters are
f proposed to be storage sites for fully
mature snRNPs. A typical vertebrate
nucleus has 20-50 interchromatin
NUCLEOLUS granule clusters.

After their initial synthesis, snRNAs are
exported from the nucleus to undergo
5”and 3" end-processing and assemble
with the seven common snRNP proteins

snRNPs
nuclear envelope

snRNP
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snRNAs . i . .
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\.Sk transcription and splicing (approximately
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seen under the electron microscope.
(Adapted from J.D. Lewis and D. Tollervey,
Science 288:1385-1389, 2000. With
chromosome territories permission from AAAS.)
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Given the importance of nuclear subdomains in RNA processing, it might
have been expected that pre-mRNA splicing would occur in a particular location
in the nucleus, as it requires numerous RNA and protein components. However,
the assembly of splicing components on pre-mRNA is co-transcriptional; thus,
splicing must occur at many locations along chromosomes. Although a typical
mammalian cell may be expressing on the order of 15,000 genes, transcription
and RNA splicing may be localized to only several thousand sites in the nucleus.
These sites themselves are highly dynamic and probably result from the associ-
ation of transcription and splicing components to create small “assembly lines”
with a high local concentration of these components. Interchromatin granule
clusters—which contain stockpiles of RNA-processing components—are often
observed next to sites of transcription, as though poised to replenish supplies.
Thus, the nucleus seems to be highly organized into subdomains, with snRNPs,
snoRNPs, and other nuclear components moving between them in an orderly
fashion according to the needs of the cell (see Figure 6-48; also see Figure 4-69).

Summary

Before the synthesis of a particular protein can begin, the corresponding mRNA
molecule must be produced by transcription. Bacteria contain a single type of RNA
polymerase (the enzyme that carries out the transcription of DNA into RNA). An mRNA
molecule is produced when this enzyme initiates transcription at a promoter, synthe-
sizes the RNA by chain elongation, stops transcription at a terminator, and releases
both the DNA template and the completed mRNA molecule. In eucaryotic cells, the
process of transcription is much more complex, and there are three RNA polymerases—
polymerase I, II, and III—that are related evolutionarily to one another and to the bac-
terial polymerase.

RNA polymerase II synthesizes eucaryotic mRNA. This enzyme requires a series of
additional proteins, the general transcription factors, to initiate transcription on a
purified DNA template, and still more proteins (including chromatin-remodeling
complexes and histone-modifying enzymes) to initiate transcription on its chromatin
templates inside the cell.

During the elongation phase of transcription, the nascent RNA undergoes three
types of processing events: a special nucleotide is added to its 5" end (capping), intron
sequences are removed from the middle of the RNA molecule (splicing), and the 3" end
of the RNA is generated (cleavage and polyadenylation). Each of these processes is ini-
tiated by proteins that travel along with RNA polymerase II by binding to sites on its
long, extended C-terminal tail. Splicing is unusual in that many of its key steps are car-
ried out by specialized RNA molecules rather than proteins. Properly processed mRNAs
are passed through nuclear pore complexes into the cytosol, where they are translated
into protein.

For some genes, RNA is the final product. In eucaryotes, these genes are usually
transcribed by either RNA polymerase I or RNA polymerase III. RNA polymerase 1
makes the ribosomal RNAs. After their synthesis as a large precursor, the rRNAs are
chemically modified, cleaved, and assembled into the two ribosomal subunits in the
nucleolus—a distinct subnuclear structure that also helps to process some smaller
RNA-protein complexes in the cell. Additional subnuclear structures (including Cajal
bodies and interchromatin granule clusters) are sites where components involved in
RNA processing are assembled, stored, and recycled.

FROM RNA TO PROTEIN

In the preceding section we have seen that the final product of some genes is an
RNA molecule itself, such as those present in the snRNPs and in ribosomes.
However, most genes in a cell produce mRNA molecules that serve as interme-
diaries on the pathway to proteins. In this section we examine how the cell con-
verts the information carried in an mRNA molecule into a protein molecule. This
feat of translation was a focus of attention of biologists in the late 1950s, when it
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was posed as the “coding problem”: how is the information in a linear sequence
of nucleotides in RNA translated into the linear sequence of a chemically quite
different set of units—the amino acids in proteins? This fascinating question
stimulated great excitement among scientists at the time. Here was a cryp-
togram set up by nature that, after more than 3 billion years of evolution, could
finally be solved by one of the products of evolution—human beings. And
indeed, not only has the code been cracked step by step, but in the year 2000 the
structure of the elaborate machinery by which cells read this code—the ribo-
some—was finally revealed in atomic detail.

An mRNA Sequence Is Decoded in Sets of Three Nucleotides

Once an mRNA has been produced by transcription and processing, the infor-
mation present in its nucleotide sequence is used to synthesize a protein. Tran-
scription is simple to understand as a means of information transfer: since DNA
and RNA are chemically and structurally similar, the DNA can act as a direct
template for the synthesis of RNA by complementary base-pairing. As the term
transcription signifies, it is as if a message written out by hand is being con-
verted, say, into a typewritten text. The language itself and the form of the mes-
sage do not change, and the symbols used are closely related.

In contrast, the conversion of the information in RNA into protein represents
a translation of the information into another language that uses quite different
symbols. Moreover, since there are only 4 different nucleotides in mRNA and 20
different types of amino acids in a protein, this translation cannot be accounted
for by a direct one-to-one correspondence between a nucleotide in RNA and an
amino acid in protein. The nucleotide sequence of a gene, through the interme-
diary of mRNA, is translated into the amino acid sequence of a protein by rules
that are known as the genetic code. This code was deciphered in the early 1960s.

The sequence of nucleotides in the mRNA molecule is read in consecutive
groups of three. RNA is a linear polymer of four different nucleotides, so there
are 4 x 4 x 4 = 64 possible combinations of three nucleotides: the triplets AAA,
AUA, AUG, and so on. However, only 20 different amino acids are commonly
found in proteins. Either some nucleotide triplets are never used, or the code is
redundant and some amino acids are specified by more than one triplet. The
second possibility is, in fact, the correct one, as shown by the completely deci-
phered genetic code in Figure 6-50. Each group of three consecutive
nucleotides in RNA is called a codon, and each codon specifies either one amino
acid or a stop to the translation process.

This genetic code is used universally in all present-day organisms. Although
a few slight differences in the code have been found, these are chiefly in the DNA
of mitochondria. Mitochondria have their own transcription and protein syn-
thesis systems that operate quite independently from those of the rest of the cell,
and it is understandable that their small genomes have been able to accommo-
date minor changes to the code (discussed in Chapter 14).

AGA UUA AGC

AGG UUG AGU
GCA CGA GGA CUA CCA UCA ACA GUA
GCC CGC GGC AUA CUC CCC  uUCC AcCC GUC UAA
GCG CGG GAC AAC UGC GAA CAA GGG CAC AUC QUG AAA UuC CCG UCG ACG UAC GUG UAG
GCU CGU GAU AAU UGU GAG CAG GGU CAU AUU CUU AAG AUG UUU CCU UCU ACU UGG UAU Guu UGA
Ala  Arg Asp Asn  Cys Glu GIn Gly His lle Leu Lys Met Phe Pro Ser Thr  Trp Tyr Val stop

A R D N C E Q G H | L K M F P S T w Y \

Figure 6-50 The genetic code. The standard one-letter abbreviation for each amino acid is presented below its three-letter
abbreviation (see Panel 3-1, pp. 128-129, for the full name of each amino acid and its structure). By convention, codons are
always written with the 5’-terminal nucleotide to the left. Note that most amino acids are represented by more than one
codon, and that there are some regularities in the set of codons that specifies each amino acid. Codons for the same amino
acid tend to contain the same nucleotides at the first and second positions, and vary at the third position. Three codons do
not specify any amino acid but act as termination sites (stop codons), signaling the end of the protein-coding sequence.
One codon—AUG—acts both as an initiation codon, signaling the start of a protein-coding message, and also as the codon
that specifies methionine.
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In principle, an RNA sequence can be translated in any one of three differ- 5 ¥
ent reading frames, depending on where the decoding process begins (Figure | e e i it |
6-51). However, only one of the three possible reading frames in an mRNA
encodes the required protein. We see later how a special punctuation signal at
the beginning of each RNA message sets the correct reading frame at the start of
protein synthesis.

—Leu——>Ser Val Thr —

5 a UCA || GCG | UUA  CCA hU

Ala

— Ser Leu Pro—

tRNA Molecules Match Amino Acids to Codons in mRNA

The codons in an mRNA molecule do not directly recognize the amino acids
they specify: the group of three nucleotides does not, for example, bind directly
to the amino acid. Rather, the translation of mRNA into protein depends on
adaptor molecules that can recognize and bind both to the codon and, at Figure 6-51 The three possible reading
another site on their surface, to the amino acid. These adaptors consist of a set frames in protein synthesis. In the
of small RNA molecules known as transfer RNAs (tRNAs), each about 80 process of translating a nucleotide

3 CU , CAG, CGU UAC  CAU

— GIn——Arg

Tyr —— His —

nucleotides in length. sequence (blue) into an amino acid
We saw earlier in this chapter that RNA molecules can fold into precise  sequence (red), the sequence of
three-dimensional structures, and the tRNA molecules provide a striking exam- ~ nucleotides in an mRNA molecule is read

. . from the 5" end to the 3" end in
ple. Four short segments of the folded tRNA are double-helical, producing a consecutive sets of three nucleotides. In

molecule that looks like a cloverleaf when drawn schematically (Figure 6-52). principle, therefore, the same RNA
For example, a 5’-GCUC-3’ sequence in one part of a polynucleotide chain can sequence can specify three completely
form a relatively strong association with a 5-GAGC-3’ sequence in another different amino acid sequences,
region of the same molecule. The cloverleaf undergoes further folding to forma  depending on the reading frame. In
compact L-shaped structure that is held together by additional hydrogen bonds reality, however, only one of these
between different regions of the molecule. reading frames contains the actual
Two regions of unpaired nucleotides situated at either end of the L-shaped
molecule are crucial to the function of tRNA in protein synthesis. One of these

message.

attached amino
acid (Phe)

anticodon a clover leaf

(A) (B8) @ (E)

5" GCGGAUUUAGCUCAGDDGGGAGAGCGCCAGACUGAAYAYCUGGAGGUCCUGUGTYCGAUCCACAGAAUUCGCACCA 3’
—_—

(D) anticodon

Figure 6-52 A tRNA molecule. A tRNA specific for the amino acid phenylalanine (Phe) is depicted in various ways. (A) The cloverleaf structure
showing the complementary base-pairing (red lines) that creates the double-helical regions of the molecule. The anticodon is the sequence of
three nucleotides that base-pairs with a codon in mRNA. The amino acid matching the codon/anticodon pair is attached at the 3" end of the
tRNA. tRNAs contain some unusual bases, which are produced by chemical modification after the tRNA has been synthesized. For example, the
bases denoted y (pseudouridine—see Figure 6-43) and D (dihydrouridine—see Figure 6-55) are derived from uracil. (B and C) Views of the
L-shaped molecule, based on x-ray diffraction analysis. Although this diagram shows the tRNA for the amino acid phenylalanine, all other tRNAs
have similar structures. <CGCA> (D) The linear nucleotide sequence of the molecule, color-coded to match (A), (B), and (C). (E) The tRNA icon we
use in this book.
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regions forms the anticodon, a set of three consecutive nucleotides that pairs
with the complementary codon in an mRNA molecule. The other is a short sin-
gle-stranded region at the 3" end of the molecule; this is the site where the amino
acid that matches the codon is attached to the tRNA.

We have seen in the previous section that the genetic code is redundant; that
is, several different codons can specify a single amino acid (see Figure 6-50).
This redundancy implies either that there is more than one tRNA for many of the
amino acids or that some tRNA molecules can base-pair with more than one
codon. In fact, both situations occur. Some amino acids have more than one
tRNA and some tRNAs are constructed so that they require accurate base-pair-
ing only at the first two positions of the codon and can tolerate a mismatch (or
wobble) at the third position (Figure 6-53). This wobble base-pairing explains
why so many of the alternative codons for an amino acid differ only in their third
nucleotide (see Figure 6-50). In bacteria, wobble base-pairings make it possible
to fit the 20 amino acids to their 61 codons with as few as 31 kinds of tRNA
molecules. The exact number of different kinds of tRNAs, however, differs from
one species to the next. For example, humans have nearly 500 tRNA genes but,
among them, only 48 different anticodons are represented.

tRNAs Are Covalently Modified Before They Exit from the Nucleus

Like most other eucaryotic RNAs, tRNAs are covalently modified before they are
allowed to exit from the nucleus. Eucaryotic tRNAs are synthesized by RNA poly-
merase III. Both bacterial and eucaryotic tRNAs are typically synthesized as
larger precursor tRNAs, which are then trimmed to produce the mature tRNA. In
addition, some tRNA precursors (from both bacteria and eucaryotes) contain
introns that must be spliced out. This splicing reaction differs chemically from
pre-mRNA splicing; rather than generating a lariat intermediate, tRNA splicing
uses a cut-and-paste mechanism that is catalyzed by proteins (Figure 6-54).
Trimming and splicing both require the precursor tRNA to be correctly folded in
its cloverleaf configuration. Because misfolded tRNA precursors will not be pro-
cessed properly, the trimming and splicing reactions are thought to act as qual-
ity-control steps in the generation of tRNAs.

All tRNAs are modified chemically—nearly 1 in 10 nucleotides in each
mature tRNA molecule is an altered version of a standard G, U, C, or A ribonu-
cleotide. Over 50 different types of tRNA modifications are known; a few are
shown in Figure 6-55. Some of the modified nucleotides—most notably inosine,
produced by the deamination of adenosine—affect the conformation and base-
pairing of the anticodon and thereby facilitate the recognition of the appropri-
ate mRNA codon by the tRNA molecule (see Figure 6-53). Others affect the accu-
racy with which the tRNA is attached to the correct amino acid.

Figure 6-53 Wobble base-pairing between codons and anticodons. If the
nucleotide listed in the first column is present at the third, or wobble,
position of the codon, it can base-pair with any of the nucleotides listed in
the second column. Thus, for example, when inosine (1) is present in the
wobble position of the tRNA anticodon, the tRNA can recognize any one of
three different codons in bacteria and either of two codons in eucaryotes.
The inosine in tRNAs is formed from the deamination of guanine (see
Figure 6-55), a chemical modification that takes place after the tRNA has
been synthesized. The nonstandard base pairs, including those made with
inosine, are generally weaker than conventional base pairs. Note that
codon-anticodon base pairing is more stringent at positions 1 and 2 of the
codon: here only conventional base pairs are permitted. The differences in
wobble base-pairing interactions between bacteria and eucaryotes
presumably result from subtle structural differences between bacterial and
eucaryotic ribosomes, the molecular machines that perform protein
synthesis. (Adapted from C. Guthrie and J. Abelson, in The Molecular
Biology of the Yeast Saccharomyces: Metabolism and Gene Expression,

pp. 487-528. Cold Spring Harbor, New York: Cold Spring Harbor Laboratory
Press, 1982.)
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370 Chapter 6: How Cells Read the Genome: From DNA to Protein

Specific Enzymes Couple Each Amino Acid to Its Appropriate
tRNA Molecule

We have seen that, to read the genetic code in DNA, cells make a series of dif-
ferent tRNAs. We now consider how each tRNA molecule becomes linked to the
one amino acid in 20 that is its appropriate partner. Recognition and attach-
ment of the correct amino acid depends on enzymes called aminoacyl-tRNA
synthetases, which covalently couple each amino acid to its appropriate set of
tRNA molecules (Figure 6-56 and Figure 6-57). Most cells have a different syn-
thetase enzyme for each amino acid (that is, 20 synthetases in all); one attaches
glycine to all tRNAs that recognize codons for glycine, another attaches alanine
to all tRNAs that recognize codons for alanine, and so on. Many bacteria, how-
ever, have fewer than 20 synthetases, and the same synthetase enzyme is
responsible for coupling more than one amino acid to the appropriate tRNAs.
In these cases, a single synthetase places the identical amino acid on two dif-
ferent types of tRNAs, only one of which has an anticodon that matches the
amino acid. A second enzyme then chemically modifies each “incorrectly”
attached amino acid so that it now corresponds to the anticodon displayed by
its covalently linked tRNA.

O
H
H
{/ H N
o, NN
x ) Be
\ H
CH
P @ P
two methyl groups added to G
(N,N-dimethyl G)

YL <L
o e

sulfur replaces oxygen in U deamination of A
(4-thiouridine) (inosine)

two hydrogens added to U
(dihydro U)

Figure 6-54 Structure of a tRNA-splicing
endonuclease docked to a precursor
tRNA. The endonuclease (a four-subunit
enzyme) removes the tRNA intron (blue).
A second enzyme, a multifunctional tRNA
ligase (not shown), then joins the two
tRNA halves together. (Courtesy of Hong
Li, Christopher Trotta and John Abelson.)

Figure 6-55 A few of the unusual
nucleotides found in tRNA molecules.
These nucleotides are produced by
covalent modification of a normal
nucleotide after it has been incorporated
into an RNA chain. Two other types of
modified nucleotides are shown in Figure
6-43. In most tRNA molecules about 10%
of the nucleotides are modified (see
Figure 6-52).
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The synthetase-catalyzed reaction that attaches the amino acid to the 3" end
of the tRNA is one of many reactions coupled to the energy-releasing hydrolysis
of ATP (see pp. 79-81), and it produces a high-energy bond between the tRNA
and the amino acid. The energy of this bond is used at a later stage in protein
synthesis to link the amino acid covalently to the growing polypeptide chain.

The aminoacyl-tRNA synthetase enzymes and the tRNAs are equally impor-
tant in the decoding process (Figure 6-58). This was established by an experi-
ment in which one amino acid (cysteine) was chemically converted into a dif-
ferent amino acid (alanine) after it already had been attached to its specific
tRNA. When such “hybrid” aminoacyl-tRNA molecules were used for protein
synthesis in a cell-free system, the wrong amino acid was inserted at every point
in the protein chain where that tRNA was used. Although, as we shall see, cells
have several quality control mechanisms to avoid this type of mishap, the exper-
iment establishes that the genetic code is translated by two sets of adaptors that
act sequentially. Each matches one molecular surface to another with great
specificity, and it is their combined action that associates each sequence of three
nucleotides in the mRNA molecule—that is, each codon—with its particular
amino acid.

Editing by tRNA Synthetases Ensures Accuracy

Several mechanisms working together ensure that the tRNA synthetase links the
correct amino acid to each tRNA. The synthetase must first select the correct
amino acid, and most synthetases do so by a two-step mechanism. First, the cor-
rect amino acid has the highest affinity for the active-site pocket of its synthetase

(A) (B)
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CH,
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Figure 6-56 Amino acid activation.

An amino acid is activated for protein
synthesis by an aminoacyl-tRNA
synthetase enzyme in two steps. As
indicated, the energy of ATP hydrolysis is
used to attach each amino acid to its
tRNA molecule in a high-energy linkage.
The amino acid is first activated through
the linkage of its carboxyl group directly
to an AMP moiety, forming an adenylated
amino acid; the linkage of the AMP,
normally an unfavorable reaction, is
driven by the hydrolysis of the ATP
molecule that donates the AMP. Without
leaving the synthetase enzyme, the AMP-
linked carboxyl group on the amino acid
is then transferred to a hydroxyl group on
the sugar at the 3" end of the tRNA
molecule. This transfer joins the amino
acid by an activated ester linkage to the
tRNA and forms the final aminoacyl-tRNA
molecule. The synthetase enzyme is not
shown in this diagram.

Figure 6-57 The structure of the
aminoacyl-tRNA linkage. The carboxyl
end of the amino acid forms an ester
bond to ribose. Because the hydrolysis of
this ester bond is associated with a large
favorable change in free energy, an
amino acid held in this way is said to be
activated. (A) Schematic drawing of the
structure. The amino acid is linked to the
nucleotide at the 3" end of the tRNA (see
Figure 6-52). (B) Actual structure
corresponding to the boxed region in (A).
There are two major classes of synthetase
enzymes: one links the amino acid
directly to the 3’-OH group of the ribose,
and the other links it initially to the 2’-OH
group. In the latter case, a subsequent
transesterification reaction shifts the
amino acid to the 3" position. As in Figure
6-56, the “R group” indicates the side
chain of the amino acid.
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and is therefore favored over the other 19. In particular, amino acids larger than
the correct one are effectively excluded from the active site. However, accurate
discrimination between two similar amino acids, such as isoleucine and valine
(which differ by only a methyl group), is very difficult to achieve by a one-step
recognition mechanism. A second discrimination step occurs after the amino
acid has been covalently linked to AMP (see Figure 6-56). When tRNA binds the
synthetase, it tries to force the amino acid into a second pocket in the syn-
thetase, the precise dimensions of which exclude the correct amino acid but
allow access by closely related amino acids. Once an amino acid enters this edit-
ing pocket, it is hydrolyzed from the AMP (or from the tRNA itself if the aminoa-
cyl-tRNA bond has already formed), and is released from the enzyme. This
hydrolytic editing, which is analogous to the exonucleolytic proofreading by
DNA polymerases (Figure 6-59), raises the overall accuracy of tRNA charging to
approximately one mistake in 40,000 couplings.

(A) .
incorrect
amino acid
will be
removed

editing site

synthesis
site

incorrect
amino acid tRNA

synthetase

SYNTHESIZING

EDITING

(B)

polymerization
site

incorrect nucleotide
added

DNA polymerase

3 3

5 5

_— incorrect
nucleotide
editing site will be
@ removed

SYNTHESIZING EDITING

mRNA

NET RESULT: AMINO ACID IS
SELECTED BY ITS CODON

Figure 6-58 The genetic code is
translated by means of two adaptors
that act one after another. The first
adaptor is the aminoacyl-tRNA
synthetase, which couples a particular
amino acid to its corresponding tRNA;
the second adaptor is the tRNA molecule
itself, whose anticodon forms base pairs
with the appropriate codon on the mRNA.
An error in either step would cause the
wrong amino acid to be incorporated
into a protein chain. In the sequence of
events shown, the amino acid tryptophan
(Trp) is selected by the codon UGG on
the mRNA.

Figure 6-59 Hydrolytic editing. (A) tRNA
synthetases remove their own coupling
errors through hydrolytic editing of
incorrectly attached amino acids. As
described in the text, the correct amino
acid is rejected by the editing site. (B) The
error-correction process performed by
DNA polymerase shows some similarities;
however, it differs in so far as the removal
process depends strongly on a mispairing
with the template (see Figure 5-8).
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Figure 6-60 The recognition of a tRNA molecule by its aminoacyl-tRNA
synthetase. For this tRNA (tRNACI), specific nucleotides in both the
anticodon (bottom) and the amino acid-accepting arm allow the correct tRNA
to be recognized by the synthetase enzyme (blue). A bound ATP molecule is
yellow. (Courtesy of Tom Steitz.)

The tRNA synthetase must also recognize the correct set of tRNAs, and
extensive structural and chemical complementarity between the synthetase and
the tRNA allows the synthetase to probe various features of the tRNA (Figure
6-60). Most tRNA synthetases directly recognize the matching tRNA anticodon;
these synthetases contain three adjacent nucleotide-binding pockets, each of
which is complementary in shape and charge to a nucleotide in the anticodon.
For other synthetases, the nucleotide sequence of the acceptor stem is the key
recognition determinant. In most cases, however, the synthetase “reads” the
nucleotides at several different positions on the tRNA.

Amino Acids Are Added to the C-terminal End of a Growing
Polypeptide Chain

Having seen that amino acids are first coupled to tRNA molecules, we now turn
to the mechanism that joins amino acids together to form proteins. The funda-
mental reaction of protein synthesis is the formation of a peptide bond between
the carboxyl group at the end of a growing polypeptide chain and a free amino
group on an incoming amino acid. Consequently, a protein is synthesized step-
wise from its N-terminal end to its C-terminal end. Throughout the entire pro-
cess the growing carboxyl end of the polypeptide chain remains activated by its
covalent attachment to a tRNA molecule (forming a peptidyl-tRNA). Each addi-
tion disrupts this high-energy covalent linkage, but immediately replaces it with
an identical linkage on the most recently added amino acid (Figure 6-61). In this
way, each amino acid added carries with it the activation energy for the addition
of the next amino acid rather than the energy for its own addition—an example
of the “head growth” type of polymerization described in Figure 2-68.

The RNA Message Is Decoded in Ribosomes

The synthesis of proteins is guided by information carried by mRNA molecules.
To maintain the correct reading frame and to ensure accuracy (about 1 mistake
every 10,000 amino acids), protein synthesis is performed in the ribosome, a
complex catalytic machine made from more than 50 different proteins (the
ribosomal proteins) and several RNA molecules, the ribosomal RNAs (rRNAs).
<CGCC> A typical eucaryotic cell contains millions of ribosomes in its cyto-
plasm (Figure 6-62). Eucaryotic ribosome subunits are assembled at the nucle-
olus, when newly transcribed and modified rRNAs associate with ribosomal

v 0 R
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aminoacyl-

peptidyl tRNA attached to tRNA

C-terminus of the growing
polypeptide chain
4 its peptidyl linkage

tRNA molecule freed from

373

Figure 6-61 The incorporation of an
amino acid into a protein. A polypeptide
chain grows by the stepwise addition of
amino acids to its C-terminal end. The
formation of each peptide bond is
energetically favorable because the
growing C-terminus has been activated by
the covalent attachment of a tRNA
molecule. The peptidyl-tRNA linkage that
activates the growing end is regenerated
during each addition. The amino acid side
chains have been abbreviated as Ry, Ry, Rs,
and Ry; as a reference point, all of the atoms
in the second amino acid in the
polypeptide chain are shaded gray. The
figure shows the addition of the fourth
amino acid (red) to the growing chain.

HHO R, O

new peptidyl tRNA molecule
attached to C-terminus of
the growing polypeptide chain
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374 Chapter 6: How Cells Read the Genome: From DNA to Protein

proteins, which have been transported into the nucleus after their synthesis in
the cytoplasm. The two ribosomal subunits are then exported to the cytoplasm,
where they join together to synthesize proteins.

Eucaryotic and procaryotic ribosomes have similar designs and functions.
Both are composed of one large and one small subunit that fit together to form
a complete ribosome with a mass of several million daltons (Figure 6-63). The
small subunit provides the framework on which the tRNAs can be accurately

50S

70S
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MW 1,600,000
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° | =
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nucleotides 2900
nucleotides
34 proteins
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&
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PROCARYOTIC RIBOSOME

Figure 6-62 Ribosomes in the
cytoplasm of a eucaryotic cell. This
electron micrograph shows a thin section
of a small region of cytoplasm. The
ribosomes appear as black dots (red
arrows). Some are free in the cytosol;
others are attached to membranes of the
endoplasmic reticulum. (Courtesy of
Daniel S. Friend.)
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Figure 6-63 A comparison of procaryotic and eucaryotic ribosomes. Despite differences in the number and size of their
rRNA and protein components, both procaryotic and eucaryotic ribosomes have nearly the same structure and they
function similarly. Although the 18S and 28S rRNAs of the eucaryotic ribosome contain many nucleotides not present in
their bacterial counterparts, these nucleotides are present as multiple insertions that form extra domains and leave the

basic structure of each rRNA largely unchanged.
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matched to the codons of the mRNA (see Figure 6-58), while the large subunit
catalyzes the formation of the peptide bonds that link the amino acids together
into a polypeptide chain (see Figure 6-61).

When not actively synthesizing proteins, the two subunits of the ribosome
are separate. They join together on an mRNA molecule, usually near its 5" end,
to initiate the synthesis of a protein. The mRNA is then pulled through the ribo-
some; as its codons enter the core of the ribosome, the mRNA nucleotide
sequence is translated into an amino acid sequence using the tRNAs as adaptors
to add each amino acid in the correct sequence to the end of the growing
polypeptide chain. When a stop codon is encountered, the ribosome releases
the finished protein, and its two subunits separate again. These subunits can
then be used to start the synthesis of another protein on another mRNA
molecule.

Ribosomes operate with remarkable efficiency: in one second, a single ribo-
some of a eucaryotic cell adds about 2 amino acids to a polypeptide chain; the
ribosomes of bacterial cells operate even faster, at a rate of about 20 amino acids
per second. How does the ribosome choreograph the many coordinated move-
ments required for efficient translation? A ribosome contains four binding sites
for RNA molecules: one is for the mRNA and three (called the A-site, the P-site,
and the E-site) are for tRNAs (Figure 6-64). A tRNA molecule is held tightly at the
A- and P-sites only if its anticodon forms base pairs with a complementary
codon (allowing for wobble) on the mRNA molecule that is threaded through the
ribosome (Figure 6-65). The A- and P-sites are close enough together for their
two tRNA molecules to be forced to form base pairs with adjacent codons on the
mRNA molecule. This feature of the ribosome maintains the correct reading
frame on the mRNA.

Once protein synthesis has been initiated, each new amino acid is added to
the elongating chain in a cycle of reactions containing four major steps: tRNA

375

small subunit

Figure 6-64 The RNA-binding sites in
the ribosome. Each ribosome has one
binding site for mRNA and three binding
sites for tRNA: the A-, P-, and E-sites
(short for aminoacyl-tRNA, peptidyl-tRNA,
and exit, respectively). (A) A bacterial
ribosome viewed with the small subunit
in the front (dark green) and the large
subunit in the back (light green). Both the
rRNAs and the ribosomal proteins are
shown. tRNAs are shown bound in the
E-site (red), the P-site (orange) and the
A-site (yellow). Although all three tRNA
sites are shown occupied here, during the
process of protein synthesis not more
than two of these sites are thought to
contain tRNA molecules at any one time
(see Figure 6-66). (B) Large and small
ribosomal subunits arranged as though
the ribosome in (A) were opened like a
book. (C) The ribosome in (A) rotated
through 90° and viewed with the large
subunit on top and small subunit on the
bottom. (D) Schematic representation of
a ribosome (in the same orientation as C),
which will be used in subsequent figures.
(A, B, and C, adapted from M.M. Yusupov
et al., Science 292:883-896, 2001. With
permission from AAAS; courtesy of
Albion Baucom and Harry Noller.)
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376 Chapter 6: How Cells Read the Genome: From DNA to Protein

binding, peptide bond formation, large subunit and small subunit translocation.
As a result of the two translocation steps, the entire ribosome moves three
nucleotides along the mRNA and is positioned to start the next cycle. (Figure
6-66). Our description of the chain elongation process begins at a point at which
some amino acids have already been linked together and there is a tRNA
molecule in the P-site on the ribosome, covalently joined to the end of the grow-
ing polypeptide. In step 1, a tRNA carrying the next amino acid in the chain
binds to the ribosomal A-site by forming base pairs with the mRNA codon posi-
tioned there, so that the P-site and the A-site contain adjacent bound tRNAs. In
step 2, the carboxyl end of the polypeptide chain is released from the tRNA at the
P-site (by breakage of the high-energy bond between the tRNA and its amino
acid) and joined to the free amino group of the amino acid linked to the tRNA at
the A-site, forming a new peptide bond. This central reaction of protein synthe-
sis is catalyzed by a peptidyl transferase contained in the large ribosomal sub-
unit. In step 3, the large subunit moves relative to the mRNA held by the small
subunit, thereby shifting the acceptor stems of the two tRNAs to the E- and P-
sites of the large subunit. In step 4, another series of conformational changes
moves the small subunit and its bound mRNA exactly three nucleotides, reset-
ting the ribosome so it is ready to receive the next aminoacyl-tRNA. Step 1 is
then repeated with a new incoming aminoacyl-tRNA, and so on. <CGTT>

This four-step cycle is repeated each time an amino acid is added to the
polypeptide chain, as the chain grows from its amino to its carboxyl end.

Figure 6-66 Translating an mRNA molecule. Each amino acid added to the
growing end of a polypeptide chain is selected by complementary base-pairing
between the anticodon on its attached tRNA molecule and the next codon on the
mMRNA chain. Because only one of the many types of tRNA molecules in a cell can
base-pair with each codon, the codon determines the specific amino acid to be
added to the growing polypeptide chain. The four-step cycle shown is repeated
over and over during the synthesis of a protein. In step 1, an aminoacyl-tRNA
molecule binds to a vacant A-site on the ribosome and a spent tRNA molecule
dissociates from the E-site. In step 2, a new peptide bond is formed. In step 3, the
large subunit translocates relative to the small subunit, leaving the two tRNAs in
hybrid sites: P on the large subunit and A on the small, for one; E on the large
subunit and P on the small, for the other. In step 4, the small subunit translocates
carrying its mRNA a distance of three nucleotides through the ribosome. This
“resets” the ribosome with a fully empty A-site, ready for the next aminoacyl-tRNA
molecule to bind. As indicated, the mRNA is translated in the 5’-to-3’ direction, and
the N-terminal end of a protein is made first, with each cycle adding one amino
acid to the C-terminus of the polypeptide chain.

Figure 6-65 The path of mRNA (blue)
through the small ribosomal subunit.
The orientation is the same as that in the
right-hand panel of Figure 6-64B.
(Courtesy of Harry F. Noller, based on
data in G.Z. Yusopova et al., Cell
106:233-241, 2001. With permission from
Elsevier.)
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Elongation Factors Drive Translation Forward and Improve Its
Accuracy

The basic cycle of polypeptide elongation shown in outline in Figure 6-66 has an
additional feature that makes translation especially efficient and accurate. Two
elongation factors enter and leave the ribosome during each cycle, each
hydrolyzing GTP to GDP and undergoing conformational changes in the pro-
cess. These factors are called EF-Tu and EF-G in bacteria, and EF1 and EF2 in
eucaryotes. Under some conditions in vitro, ribosomes can be forced to synthe-
size proteins without the aid of these elongation factors and GTP hydrolysis, but
this synthesis is very slow, inefficient, and inaccurate. Coupling the GTP hydrol-
ysis-driven changes in the elongation factors to transitions between different
states of the ribosome speeds up protein synthesis enormously. Although these
ribosomal states are not yet understood in detail, they almost certainly involve
RNA structure rearrangements in the ribosome core. The cycles of elongation
factor association, GTP hydrolysis, and dissociation ensure that all such changes
occur in the “forward” direction so that translation can proceed efficiently (Fig-
ure 6-67).

As shown previously, EF-Tu simultaneously binds GTP and aminoacyl-tRNAs
(see Figure 3-74). In addition to helping move translation forward, EF-Tu (EF1 in
eucaryotes) increases the accuracy of translation in several ways. First, as it
escorts an incoming aminoacyl-tRNA to the ribosome, EF-Tu checks whether the
tRNA-amino acid match is corrrect. Exactly how this is accomplished is not well
understood. According to one idea, correct tRNA-amino acid matches have a nar-
rowly defined affinity for EF-Tu, which allows EF-Tu to discriminate, albeit
crudely, among many different amino acid—tRNA combinations, selectively bring-
ing the correct ones with it into the ribosome. Second, EF-Tu monitors the initial
interaction between the anticodon of an incoming aminoacyl-tRNA and the
codon of the mRNA in the A-site. Aminoacyl-tRNAs are “bent” when bound to the
GTP-form of EF-Tu; this bent conformation allows codon pairing but prevents
incorporation of the amino acid into the growing polypeptide chain. However, if
the codon—anticodon match is correct, the ribosome rapidly triggers the hydroly-
sis of the GTP molecule, whereupon EF-Tu releases its grip on the tRNA and dis-
sociates from the ribosome, allowing the tRNA to donate its amino acid for pro-
tein synthesis. But how is the “correctness” of the codon-anticodon match
assessed? This feat is carried out by the ribosome itself through an RNA-based
mechanism. The rRNA in the small subunit of the ribosome forms a series of
hydrogen bonds with the codon-anticodon pair that allows determination of its
correctness (Figure 6-68). In essence, the rRNA folds around the codon-anti-
codon pair, and its final closure—which occurs only when the correct anticodon
is in place—triggers GTP hydrolysis. Remarkably, this induced fit mechanism can
distinguish correct from incorrect codon-anticodon interactions despite the rules
for wobble base-pairing summarized in Figure 6-53. From this example, as for
RNA splicing, one gets a sense of the highly sophisticated forms of molecular
recognition that can be achieved solely by RNA.

The interactions of EF-Tu, tRNA, and the ribosome just described introduce
critical proofreading steps into protein synthesis at the initial tRNA selection
stage. But after GTP is hydrolyzed and EF-Tu dissociates from the ribosome,
there is an additional opportunity for the ribosome to prevent an incorrect
amino acid from being added to the growing chain. Following GTP hydrolysis,
there is a short time delay as the amino acid carried by the tRNA moves into
position on the ribosome. This time delay is shorter for correct than incorrect
codon-anticodon pairs. Moreover, incorrectly matched tRNAs dissociate more

Figure 6-67 Detailed view of the translation cycle. The outline of
translation presented in Figure 6-66 has been expanded to show the roles
of two elongation factors EF-Tu and EF-G, which drive translation in the
forward direction. As explained in the text, EF-Tu also provides two
opportunities for proofreading of the codon-anticodon match. In this way,
incorrectly paired tRNAs are selectively rejected, and the accuracy of
translation is improved.
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378 Chapter 6: How Cells Read the Genome: From DNA to Protein

rapidly than those correctly bound because their interaction with the codon is
weaker. Thus, most incorrectly bound tRNA molecules (as well as a significant
number of correctly bound molecules) will leave the ribosome without being
used for protein synthesis. All of these proofreading steps, taken together, are
largely responsible for the 99.99% accuracy of the ribosome in translating RNA
into protein.

16S RNA

The Ribosome Is a Ribozyme

anticodon codon

The ribosome is a large complex composed of two-thirds RNA and one-third
protein. The determination, in 2000, of the entire three-dimensional conforma- Figure 6-68 Recognition of correct
tion of its large and small subunits is a major triumph of modern structural biol- codon-anticodon matches by the small

ogy. The findings confirm earlier evidence that rRNAs—and not proteins—are  subunit rRNA of the ribosome. Shown is
responsible for the ribosome’s overall structure, its ability to position tRNAs on ~ the interaction between a nucleotide of
the mRNA, and its catalytic activity in forming covalent peptide bonds. The ribo- the small subunit rRNA and the first
somal RNAs are folded into highly compact, precise three-dimensional struc- nucleotide pair of a correctly paired
codon-anticodon; similar interactions
tures that form the compact core of the ribosome and determine its overall occur between other nucleotides of the
shape (Figure 6-69). rRNA and the second and third positions
In marked contrast to the central positions of the rRNAs, the ribosomal pro- of the codon-anticodon pair. The small-
teins are generally located on the surface and fill in the gaps and crevices of the ~ subunit rRNA can form this network of
folded RNA (Figure 6-70). Some of these proteins send out extended regions of ~ hydrogen bonds only with correctly
polypeptide chain that penetrate short distances into holes in the RNA core (Fig- g(aptlca ?:: dci?w dg]rne—serch&?sn pairs. As
ure 6-71). The main role of the ribosomal proteins seems to be to stabilize the codon-anticodon m(’)nitoring by the small-
RNA core, while permitting the changes in rRNA conformation that are necessary subunit rRNA increases the accuracy of
for this RNA to catalyze efficient protein synthesis. The proteins probably also aid protein synthesis. (From J.M. Ogle et al.,
in the initial assembly of the rRNAs that make up the core of the ribosome. Science 292:897-902, 2001. With
Not only are the A-, P-, and E-binding sites for tRNAs formed primarily by ~ permission from AAAS.)
ribosomal RNAs, but the catalytic site for peptide bond formation is also
formed by RNA, as the nearest amino acid is located more than 1.8 nm away.

5S rRNA

“domain VI

Figure 6-69 Structure of the rRNAs in the large subunit of a bacterial ribosome, as determined by x-ray crystallography.
(A) Three-dimensional conformations of the large-subunit rRNAs (5S and 23S) as they appear in the ribosome. One of the
protein subunits of the ribosome (L1) is also shown as a reference point, since it forms a characteristic protrusion on the
ribosome. (B) Schematic diagram of the secondary structure of the 23S rRNA, showing the extensive network of base-
pairing. The structure has been divided into six “domains” whose colors correspond to those in (A). The secondary-structure
diagram is highly schematized to represent as much of the structure as possible in two dimensions. To do this, several
discontinuities in the RNA chain have been introduced, although in reality the 23S RNA is a single RNA molecule. For
example, the base of Domain lll is continuous with the base of Domain IV even though a gap appears in the diagram.
(Adapted from N. Ban et al., Science 289:905-920, 2000. With permission from AAAS.)
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(A) (B)

Figure 6-70 Location of the protein components of the bacterial large ribosomal subunit. The rRNAs (5S and 23S) are shown in gray and the
large-subunit proteins (27 of the 31 total) in gold. For convenience, the protein structures depict only the polypeptide backbones. (A) Interface
with the small subunit, the same view shown in Figure 6-64B. (B) Side opposite to that shown in (A), obtained by rotating (A) by 180° around a
vertical axis. (C) Further slight rotation of (B) through a diagonal axis, allowing a view into the peptide exit channel in the center of the

structure. (From N. Ban et al., Science 289:905-920, 2000. With permission from AAAS.)

This discovery came as a surprise to biologists because, unlike proteins, RNA
does not contain easily ionizable functional groups that can be used to catalyze
sophisticated reactions like peptide bond formation. Moreover, metal ions,
which are often used by RNA molecules to catalyze chemical reactions (as dis-
cussed later in the chapter), were not observed at the active site of the ribosome.
Instead, it is believed that the 23S rRNA forms a highly structured pocket that,
through a network of hydrogen bonds, precisely orients the two reactants (the
growing peptide chain and an aminoacyl-tRNA) and thereby greatly accelerates
their covalent joining. In addition, the tRNA in the P site contributes to the active
site, perhaps supplying a functional OH group that participates directly in the
catalysis. This mechanism may ensure that catalysis occurs only when the tRNA
is properly positioned in the ribosome.

RNA molecules that possess catalytic activity are known as ribozymes. We
saw earlier in this chapter how other ribozymes function in self-splicing reac-
tions (for example, see Figure 6-36). In the final section of this chapter, we con-
sider what the ability of RNA molecules to function as catalysts for a wide vari-
ety of different reactions might mean for the early evolution of living cells. For
now, we merely note that there is good reason to suspect that RNA rather than
protein molecules served as the first catalysts for living cells. If so, the ribosome,
with its RNA core, may be a relic of an earlier time in life’s history—when protein
synthesis evolved in cells that were run almost entirely by ribozymes.

Nucleotide Sequences in mRNA Signal Where to Start Protein
Synthesis

The initiation and termination of translation share features of the translation
elongation cycle described above. The site at which protein synthesis begins on
the mRNA is especially crucial, since it sets the reading frame for the whole
length of the message. An error of one nucleotide either way at this stage would
cause every subsequent codon in the message to be misread, resulting in a non-
functional protein with a garbled sequence of amino acids. The initiation step is
also important because for most genes it is the last point at which the cell can
decide whether the mRNA is to be translated and the protein synthesized; the
rate of initiation is thus one determinant of the rate at which any protein is syn-
thesized. We shall see in Chapter 7 that cells use several mechanisms to regulate
translation initiation.

Figure 6-71 Structure of the L15 protein
in the large subunit of the bacterial
ribosome. The globular domain of the
protein lies on the surface of the
ribosome and an extended region
penetrates deeply into the RNA core of
the ribosome. The L15 protein is shown in
yellow and a portion of the ribosomal
RNA core is shown in red. (From D. Klein,
P.B. Moore and T.A. Steitz, J. Mol. Biol.
340:141-147, 2004. With permission from
Academic Press.)
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380 Chapter 6: How Cells Read the Genome: From DNA to Protein

The translation of an mRNA begins with the codon AUG, and a special tRNA
is required to start translation. This initiator tRNA always carries the amino acid
methionine (in bacteria, a modified form of methionine—formylmethionine—
is used), with the result that all newly made proteins have methionine as the first
amino acid at their N-terminus, the end of a protein that is synthesized first. This
methionine is usually removed later by a specific protease. The initiator tRNA
can be specially recognized by initiation factors because it has a nucleotide
sequence distinct from that of the tRNA that normally carries methionine.

In eucaryotes, the initiator tRNA-methionine complex (Met—tRNAI) is first
loaded into the small ribosomal subunit along with additional proteins called
eucaryotic initiation factors, or eIFs (Figure 6-72). Of all the aminoacyl-tRNAs
in the cell, only the methionine-charged initiator tRNA is capable of tightly
binding the small ribosome subunit without the complete ribosome being pre-
sent and it binds directly to the P-site. Next, the small ribosomal subunit binds
to the 5" end of an mRNA molecule, which is recognized by virtue of its 5" cap
and its two bound initiation factors, eIF4E (which directly binds the cap) and
elF4G (see Figure 6-40). The small ribosomal subunit then moves forward (5" to
3’) along the mRNA, searching for the first AUG. Additional initiation factors that
act as ATP-powered helicases facilitate the ribosome’s movement through RNA
secondary structure. In 90% of mRNAs, translation begins at the first AUG
encountered by the small subunit. At this point, the initiation factors dissociate,
allowing the large ribosomal subunit to assemble with the complex and com-
plete the ribosome. The initiator tRNA is still bound to the P-site, leaving the A-
site vacant. Protein synthesis is therefore ready to begin (see Figure 6-72).

The nucleotides immediately surrounding the start site in eucaryotic
mRNAs influence the efficiency of AUG recognition during the above scanning
process. If this recognition site differs substantially from the consensus recogni-
tion sequence (5-ACCAUGG-3"), scanning ribosomal subunits will sometimes
ignore the first AUG codon in the mRNA and skip to the second or third AUG
codon instead. Cells frequently use this phenomenon, known as “leaky scan-
ning,” to produce two or more proteins, differing in their N-termini, from the
same mRNA molecule. It allows some genes to produce the same protein with
and without a signal sequence attached at its N-terminus, for example, so that
the protein is directed to two different compartments in the cell.

The mechanism for selecting a start codon in bacteria is different. Bacterial
mRNAs have no 5’ caps to signal the ribosome where to begin searching for the
start of translation. Instead, each bacterial mRNA contains a specific ribosome-
binding site (called the Shine-Dalgarno sequence, named after its discoverers)
that is located a few nucleotides upstream of the AUG at which translation is to
begin. This nucleotide sequence, with the consensus 5-AGGAGGU-3’, forms
base pairs with the 16S rRNA of the small ribosomal subunit to position the ini-
tiating AUG codon in the ribosome. A set of translation initiation factors orches-
trates this interaction, as well as the subsequent assembly of the large ribosomal
subunit to complete the ribosome.

Unlike a eucaryotic ribosome, a bacterial ribosome can therefore readily
assemble directly on a start codon that lies in the interior of an mRNA molecule,
so long as a ribosome-binding site precedes it by several nucleotides. As a result,
bacterial mRNAs are often polycistronic—that is, they encode several different
proteins, each of which is translated from the same mRNA molecule (Figure
6-73). In contrast, a eucaryotic mRNA generally encodes only a single protein.

Figure 6-72 The initiation of protein synthesis in eucaryotes. Only three
of the many translation initiation factors required for this process are
shown. Efficient translation initiation also requires the poly-A tail of the
mRNA bound by poly-A-binding proteins which, in turn, interact with
elF4G. In this way, the translation apparatus ascertains that both ends of
the mRNA are intact before initiating protein synthesis (see Figure 6-40).
Although only one GTP hydrolysis event is shown in the figure, a second is
known to occur just before the large and small ribosomal subunits join.
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Figure 6-73 Structure of a typical bacterial mMRNA molecule. Unlike
eucaryotic ribosomes, which typically require a capped 5" end, procaryotic
ribosomes initiate transcription at ribosome-binding sites (Shine-Dalgarno
sequences), which can be located anywhere along an mRNA molecule. This
property of ribosomes permits bacteria to synthesize more than one type
of protein from a single mRNA molecule.

Stop Codons Mark the End of Translation

The end of the protein-coding message is signaled by the presence of one of
three stop codons (UAA, UAG, or UGA) (see Figure 6-50). These are not recog-
nized by a tRNA and do not specify an amino acid, but instead signal to the ribo-
some to stop translation. Proteins known as release factors bind to any ribosome
with a stop codon positioned in the A site, forcing the peptidyl transferase in the
ribosome to catalyze the addition of a water molecule instead of an amino acid
to the peptidyl-tRNA (Figure 6-74). This reaction frees the carboxyl end of the
growing polypeptide chain from its attachment to a tRNA molecule, and since
only this attachment normally holds the growing polypeptide to the ribosome,
the completed protein chain is immediately released into the cytoplasm. The
ribosome then releases the mRNA and separates into the large and small sub-
units, which can assemble on this or another mRNA molecule to begin a new
round of protein synthesis.

Release factors are an example of molecular mimicry, whereby one type of
macromolecule resembles the shape of a chemically unrelated molecule. In this
case, the three-dimensional structure of release factors (made entirely of pro-
tein) resembles the shape and charge distribution of a tRNA molecule (Figure
6-75). This shape and charge mimicry helps them enter the A-site on the ribo-
some and cause translation termination.

During translation, the nascent polypeptide moves through a large, water-
filled tunnel (approximately 10 nm x 1.5 nm) in the large subunit of the ribo-
some (see Figure 6-70C). The walls of this tunnel, made primarily of 23S rRNA,
are a patchwork of tiny hydrophobic surfaces embedded in a more extensive
hydrophilic surface. This structure is not complementary to any peptide, and
thus provides a “Teflon” coating through which a polypeptide chain can easily
slide. The dimensions of the tunnel suggest that nascent proteins are largely
unstructured as they pass through the ribosome, although some o-helical
regions of the protein can form before leaving the ribosome tunnel. As it leaves
the ribosome, a newly synthesized protein must fold into its proper three-
dimensional conformation to be useful to the cell, and later in this chapter we
discuss how this folding occurs. First, however, we describe several additional
aspects of the translation process itself.

Proteins Are Made on Polyribosomes

The synthesis of most protein molecules takes between 20 seconds and several
minutes. During this very short period, however, it is usual for multiple initia-
tions to take place on each mRNA molecule being translated. As soon as the pre-
ceding ribosome has translated enough of the nucleotide sequence to move out

Figure 6-74 The final phase of protein synthesis. The binding of a release
factor to an A-site bearing a stop codon terminates translation. The
completed polypeptide is released and, in a series of reactions that
requires additional proteins and GTP hydrolysis (not shown), the ribosome
dissociates into its two separate subunits.
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382 Chapter 6: How Cells Read the Genome: From DNA to Protein

of the way, the 5" end of the mRNA is threaded into a new ribosome. The mRNA
molecules being translated are therefore usually found in the form of polyribo-
somes (or polysomes): large cytoplasmic assemblies made up of several ribo-
somes spaced as close as 80 nucleotides apart along a single mRNA molecule
(Figure 6-76). These multiple initiations allow the cell to make many more pro-
tein molecules in a given time than would be possible if each had to be com-
pleted before the next could start. <GAAG>

Both bacteria and eucaryotes use polysomes, and both employ additional
strategies to speed up the overall rate of protein synthesis even further. Because
bacterial mRNA does not need to be processed and is accessible to ribosomes
while it is being made, ribosomes can attach to the free end of a bacterial mRNA
molecule and start translating it even before the transcription of that RNA is com-
plete, following closely behind the RNA polymerase as it moves along DNA. In
eucaryotes, as we have seen, the 5" and 3’ ends of the mRNA interact (see Figures
6-40 and 6-76A); therefore, as soon as a ribosome dissociates, its two subunits are
in an optimal position to reinitiate translation on the same mRNA molecule.

There Are Minor Variations in the Standard Genetic Code

As discussed in Chapter 1, the genetic code (shown in Figure 6-50) applies to all
three major branches of life, providing important evidence for the common

messenger RNA
Y (mRNA)

stop start
codon codon

poly-A-binding
protein

polypeptide é'. & -

chain | |

100 nm 100 nm
(A) (B)

Figure 6-75 The structure of a human
translation release factor (eRF1) and its
resemblance to a tRNA molecule. The
protein is on the left and the tRNA on the
right. (From H. Song et al., Cell 100:311-321,
2000. With permission from Elsevier.)

Figure 6-76 A polyribosome.

(A) Schematic drawing showing how a
series of ribosomes can simultaneously
translate the same eucaryotic mRNA
molecule. (B) Electron micrograph of a
polyribosome from a eucaryotic cell.
(B, courtesy of John Heuser.)
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ancestry of all life on Earth. Although rare, there are exceptions to this code. For
example, Candida albicans, the most prevalent human fungal pathogen, trans-
lates the codon CUG as serine, whereas nearly all other organisms translate it as
leucine. Mitochondria (which have their own genomes and encode much of
their translational apparatus) often deviate from the standard code. For exam-
ple, in mammalian mitochondria AUA is translated as methionine, whereas in
the cytosol of the cell it is translated as isoleucine (see Table 14-3, p. 862). This
type of deviation in the genetic code is “hardwired” into the organisms or the
organelles in which it occurs.

A different type of variation, sometimes called translation recoding, occurs
in many cells. In this case, other nucleotide sequence information present in an
mRNA can change the meaning of the genetic code at a particular site in the
mRNA molecule. The standard code allows cells to manufacture proteins using
only 20 amino acids. However, bacteria, archaea, and eucaryotes have available
to them a twenty-first amino acid that can be incorporated directly into a grow-
ing polypeptide chain through translation recoding. Selenocysteine, which is
essential for the efficient function of a variety of enzymes, contains a selenium
atom in place of the sulfur atom of cysteine. Selenocysteine is enzymatically
produced from a serine attached to a special tRNA molecule that base-pairs with
the UGA codon, a codon normally used to signal a translation stop. The mRNAs
for proteins in which selenocysteine is to be inserted at a UGA codon carry an
additional nucleotide sequence in the mRNA nearby that causes this recoding
event (Figure 6-77).

Another form of recoding, translational frameshifting, allows more than one
protein to be synthesized from a single mRNA. Retroviruses, members of a large
group of eucaryotic-infecting pathogens, commonly use translational
frameshifting to make both the capsid proteins (Gag proteins) and the viral
reverse transcriptase and integrase (Pol proteins) from the same RNA transcript
(see Figure 5-73). The virus needs many more copies of the Gag proteins than it
does of the Pol proteins. This quantitative adjustment is achieved by encoding
the Pol genes just after the Gag genes but in a different reading frame. Small
amounts of the Pol gene products are made because, on occasion, an upstream
translational frameshift allows the Gag protein stop codon to be bypassed. This
frameshift occurs at a particular codon in the mRNA and requires a specific
recoding signal, which seems to be a structural feature of the RNA sequence
downstream of this site (Figure 6-78).

Inhibitors of Procaryotic Protein Synthesis Are Useful as
Antibiotics

Many of the most effective antibiotics used in modern medicine are compounds
made by fungi that inhibit bacterial protein synthesis. Fungi and bacteria com-
pete for many of the same environmental niches, and millions of years of coevo-
lution has resulted in fungi producing potent bacterial inhibitors. Some of these
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Figure 6-77 Incorporation of
selenocysteine into a growing
polypeptide chain. A specialized tRNA is
charged with serine by the normal seryl-
tRNA synthetase, and the serine is
subsequently converted enzymatically to
selenocysteine. A specific RNA structure
in the mRNA (a stem and loop structure
with a particular nucleotide sequence)
signals that selenocysteine is to be
inserted at the neighboring UGA codon.
As indicated, this event requires the
participation of a selenocysteine-specific
translation factor.
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drugs exploit the structural and functional differences between bacterial and
eucaryotic ribosomes so as to interfere preferentially with the function of bacte-
rial ribosomes. Thus humans can take high dosages of some of these com-
pounds without undue toxicity. Many antibiotics lodge in pockets in the riboso-
mal RNAs and simply interfere with the smooth operation of the ribosome (Fig-
ure 6-79). Table 6—4 lists some of the more common antibiotics of this kind
along with several other inhibitors of protein synthesis, some of which act on
eucaryotic cells and therefore cannot be used as antibiotics.

Because they block specific steps in the processes that lead from DNA to
protein, many of the compounds listed in Table 6-4 are useful for cell biological
studies. Among the most commonly used drugs in such investigations are chlo-
ramphenicol, cycloheximide, and puromycin, all of which specifically inhibit
protein synthesis. In a eucaryotic cell, for example, chloramphenicol inhibits
protein synthesis on ribosomes only in mitochondria (and in chloroplasts in
plants), presumably reflecting the procaryotic origins of these organelles (dis-
cussed in Chapter 14). Cycloheximide, in contrast, affects only ribosomes in the
cytosol. Puromycin is especially interesting because it is a structural analog of a
tRNA molecule linked to an amino acid and is therefore another example of
molecular mimicry; the ribosome mistakes it for an authentic amino acid and
covalently incorporates it at the C-terminus of the growing peptide chain,
thereby causing the premature termination and release of the polypeptide. As
might be expected, puromycin inhibits protein synthesis in both procaryotes
and eucaryotes.

tetracycline

. chloramphenicol
spectinomycin )

streptomycin erythromycin

streptogramin B

small ribosomal subunit large ribosomal subunit

Figure 6-78 The translational
frameshifting that produces the reverse
transcriptase and integrase of a
retrovirus. The viral reverse transcriptase
and integrase are produced by proteolytic
processing of a large protein (the Gag-Pol
fusion protein) consisting of both the Gag
and Pol amino acid sequences. Proteolytic
processing of the more abundant Gag
protein produces the viral capsid proteins.
Both the Gag and the Gag-Pol fusion
proteins start with identical mRNA, but
whereas the Gag protein terminates at a
stop codon downstream of the sequence
shown, translation of the Gag-Pol fusion
protein bypasses this stop codon, allowing
the synthesis of the longer Gag-Pol fusion
protein. The stop-codon-bypass is made
possible by a controlled translational
frameshift, as illustrated. Features in the
local RNA structure (including the RNA
loop shown) cause the tRNAeY attached
to the C-terminus of the growing
polypeptide chain occasionally to slip
backward by one nucleotide on the
ribosome, so that it pairs with a UUU
codon instead of the UUA codon that had
initially specified its incorporation; the
next codon (AGG) in the new reading
frame specifies an arginine rather than a
glycine. This controlled slippage is due in
part to a pseudoknot that forms in the viral
mMRNA (see Figure 6-102). The sequence
shown is from the human AIDS virus, HIV.
(Adapted from T. Jacks et al., Nature
331:280-283, 1988. With permission from
Macmillan Publishers Ltd.)

Figure 6-79 Binding sites for antibiotics
on the bacterial ribosome. The small (left)
and large (right) subunits of the ribosome
are arranged as though the ribosome has
been opened like a book; the bound tRNA
molecules are shown in purple (see Figure
6-64). Most of the antibiotics shown bind
directly to pockets formed by the
ribosomal RNA molecules. Hygromycin B
induces errors in translation,
spectinomycin blocks the translocation of
the peptidyl-tRNA from the A-site to the
P-site, and streptogramin B prevents
elongation of nascent peptides. Table 6-4
lists the inhibitory mechanisms of the
other antibiotics shown in the figure.
(Adapted from J. Poehlsgaard and

S. Douthwaite, Nat. Rev. Microbiol.
3:870-881, 2005. With permission from
Macmillan Publishers Ltd.)
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Table 6-4 Inhibitors of Protein or RNA Synthesis

INHIBITOR SPECIFIC EFFECT

Acting only on bacteria

Tetracycline blocks binding of aminoacyl-tRNA to A-site of ribosome

Streptomycin prevents the transition from translation initiation to chain elongation and also causes miscoding
Chloramphenicol blocks the peptidyl transferase reaction on ribosomes (step 2 in Figure 6-66)

Erythromycin binds in the exit channel of the ribosome and thereby inhibits elongation of the peptide chain
Rifamycin blocks initiation of RNA chains by binding to RNA polymerase (prevents RNA synthesis)

Acting on bacteria and eucaryotes

Puromycin causes the premature release of nascent polypeptide chains by its addition to the growing chain end
Actinomycin D binds to DNA and blocks the movement of RNA polymerase (prevents RNA synthesis)

Acting on eucaryotes but not bacteria

Cycloheximide blocks the translocation reaction on ribosomes (step 3 in Figure 6-66)

Anisomycin blocks the peptidyl transferase reaction on ribosomes (step 2 in Figure 6-66)

o-Amanitin blocks mRNA synthesis by binding preferentially to RNA polymerase Il

385

The ribosomes of eucaryotic mitochondria (and chloroplasts) often resemble those of bacteria in their sensitivity to inhibitors. Therefore, some of

these antibiotics can have a deleterious effect on human mitochondria.

Accuracy in Translation Requires the Expenditure of Free Energy

Translation by the ribosome is a compromise between the opposing constraints
of accuracy and speed. We have seen, for example, that the accuracy of transla-
tion (1 mistake per 104 amino acids joined) requires time delays each time a new
amino acid is added to a growing polypeptide chain, producing an overall speed
of translation of 20 amino acids incorporated per second in bacteria. Mutant
bacteria with a specific alteration in the small ribosomal subunit have longer
delays and translate mRNA into protein with an accuracy considerably higher
than this; however, protein synthesis is so slow in these mutants that the bacte-
ria are barely able to survive.

We have also seen that attaining the observed accuracy of protein synthesis
requires the expenditure of a great deal of free energy; this is expected, since, as
discussed in Chapter 2, there is a price to be paid for any increase in order in the
cell. In most cells, protein synthesis consumes more energy than any other
biosynthetic process. At least four high-energy phosphate bonds are split to
make each new peptide bond: two are consumed in charging a tRNA molecule
with an amino acid (see Figure 6-56), and two more drive steps in the cycle of
reactions occurring on the ribosome during synthesis itself (see Figure 6-67). In
addition, extra energy is consumed each time that an incorrect amino acid link-
age is hydrolyzed by a tRNA synthetase (see Figure 6-59) and each time that an
incorrect tRNA enters the ribosome, triggers GTP hydrolysis, and is rejected (see
Figure 6-67). To be effective, these proofreading mechanisms must also allow an
appreciable fraction of correct interactions to be removed; for this reason, proof-
reading is even more costly in energy than it might seem.

Quality Control Mechanisms Act to Prevent Translation of
Damaged mRNAs

In eucaryotes, mRNA production involves both transcription and a series of elab-
orate RNA-processing steps; these take place in the nucleus, segregated from
ribosomes, and only when the processing is complete are the mRNAs transported
to the cytoplasm to be translated (see Figure 6-40). However, this scheme is not
foolproof, and some incorrectly processed mRNAs are inadvertently sent to the
cytoplasm. In addition, mRNAs that were flawless when they left the nucleus can
become broken or otherwise damaged in the cytosol. The danger of translating
damaged or incompletely processed mRNAs (which would produce truncated or
otherwise aberrant proteins) is apparently so great that the cell has several
backup measures to prevent this from happening.
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386 Chapter 6: How Cells Read the Genome: From DNA to Protein

To avoid translating broken mRNAs, the 5" cap and the poly-A tail are both
recognized by the translation-initiation machinery before translation begins
(see Figure 6-72). To help ensure that mRNAs are properly spliced before they
are translated, the exon junction complex (EJC), which is deposited on the
mRNA following splicing (see Figure 6-40), stimulates the subsequent transla-
tion of the mRNA.

But the most powerful mRNA survelliance system, called nonsense-medi-
ated mRNA decay, eliminates defective mRNAs before they can be efficiently
translated into protein. This mechanism is brought into play when the cell
determines that an mRNA molecule has a nonsense (stop) codon (UAA, UAG, or
UGA) in the “wrong” place—a situation likely to arise in an mRNA molecule that
has been improperly spliced. Aberrant splicing will usually result in the random
introduction of a nonsense codon into the reading frame of the mRNA, espe-
cially in organisms, such as humans, that have a large average intron size (see
Figure 6-32B).

This surveillance mechanism begins as an mRNA molecule is being trans-
ported from the nucleus to the cytosol. As its 5" end emerges from the nuclear
pore, the mRNA is met by a ribosome, which begins to translate it. As translation
proceeds, the exon junction complexes (EJC) bound to the mRNA at each splice-
site are apparently displaced by the moving ribosome. The normal stop codon
will be within the last exon, so by the time the ribosome reaches it and stalls, no
more EJCs should be bound to the mRNA. If this is the case, the mRNA “passes
inspection” and is released to the cytosol where it can be translated in earnest
(Figure 6-80). However, if the ribosome reaches a premature stop codon and
stalls, it senses that EJCs remain and the bound mRNA molecule is rapidly
degraded. In this way, the first round of translation allows the cell to test the fit-
ness of each mRNA molecule as it exits the nucleus.

Nonsense-mediated decay may have been especially important in evolu-
tion, allowing eucaryotic cells to more easily explore new genes formed by DNA
rearrangements, mutations, or alternative patterns of splicing—by selecting
only those mRNAs for translation that can produce a full-length protein. Non-
sense-mediated decay is also important in cells of the developing immune sys-
tem, where the extensive DNA rearrangements that occur (see Figure 25-36)
often generate premature termination codons. The surveillance system
degrades the mRNAs produced from such rearranged genes, thereby avoiding
the potential toxic effects of truncated proteins.

start codon in-frame stop codons

Figure 6-80 Nonsense-mediated mRNA
decay. As shown on the right, the failure
to correctly splice a pre-mRNA often
introduces a premature stop codon into
the reading frame for the protein. The
introduction of such an “in-frame” stop
codon is particularly likely to occur in
mammals, where the introns tend to be
very long. When translated, these
abnormal mRNAs produce aberrant
proteins, which could damage the cell.
However, as shown at the bottom right of
the figure, these abnormal RNAs are
destroyed by the nonsense-mediated
decay mechanism. According to one
model, an mRNA molecule, bearing exon
junction complexes (EJCs) to mark
successfully completed splices, is first met
by a ribosome that performs a “test”
round of translation. As the mRNA passes
through the tight channel of the
ribosome, the EJCs are stripped off, and
successful MRNAs are released to
undergo multiple rounds of translation
(left side). However, if an in-frame stop
codon is encountered before the final
exon junction complex is reached (right
side), the mRNA undergoes nonsense-
mediated decay, which is triggered by
the Upf proteins (green) that bind to each
EJC. Note that, to trigger nonsense-
mediated decay, the premature stop
codon must be in the same reading
frame as that of the normal protein.
(Adapted from J. Lykke-Andersen et al.,
Cell 103:1121-1131, 2000. With
permission from Elsevier.)
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Figure 6-81 The rescue of a bacterial ribosome stalled on an incomplete
mRNA molecule. The tmRNA shown is a 363-nucleotide RNA with both
tRNA and mRNA functions, hence its name. It carries an alanine and can
enter the vacant A-site of a stalled ribosome to add this alanine to a
polypeptide chain, mimicking a tRNA although no codon is present to
guide it. The ribosome then translates 10 codons from the tmRNA,
completing an 11 amino acid tag on the protein. Proteases recognize this
tag and degrade the entire protein. Although the example shown in the
figure is from bacteria, eucaryotes can employ a similar strategy.

Finally, the nonsense-mediated surveillance pathway plays an important
role in mitigating the symptoms of many inherited human diseases. As we have
seen, inherited diseases are usually caused by mutations that spoil the function
of a key protein, such as hemoglobin or one of the blood clotting factors.
Approximately one-third of all genetic disorders in humans result from non-
sense mutations or mutations (such as frameshift mutations or splice-site muta-
tions) that place nonsense mutations into the gene’s reading frame. In individu-
als that carry one mutant and one functional gene, nonsense-mediated decay
eliminates the aberrant mRNA and thereby prevents a potentially toxic protein
from being made. Without this safeguard, individuals with one functional and
one mutant “disease gene” would likely suffer much more severe symptoms.

We saw earlier in this chapter that bacteria lack the elaborate mRNA pro-
cessing found in eucaryotes and that translation often begins before the synthe-
sis of the RNA molecule is completed. Yet bacteria also have quality control
mechanisms to deal with incompletely synthesized and broken mRNAs. When
the bacterial ribosome translates to the end of an incomplete RNA it stalls and
does not release the RNA. Rescue comes in the form of a special RNA (called
tmRNA), which enters the A-site of the ribosome and is itself translated, releas-
ing the ribosome. The special 11 amino acid tag thus added to the C-terminus of
the truncated protein signals to proteases that the entire protein is to be
degraded (Figure 6-81).

Some Proteins Begin to Fold While Still Being Synthesized

The process of gene expression is not over when the genetic code has been used
to create the sequence of amino acids that constitutes a protein. To be useful to
the cell, this new polypeptide chain must fold up into its unique three-dimen-
sional conformation, bind any small-molecule cofactors required for its activity,
be appropriately modified by protein kinases or other protein-modifying
enzymes, and assemble correctly with the other protein subunits with which it
functions (Figure 6-82).

The information needed for all of the steps listed above is ultimately con-
tained in the sequence of linked amino acids that the ribosome produces when
it translates an mRNA molecule into a polypeptide chain. As discussed in Chap-
ter 3, when a protein folds into a compact structure, it buries most of its
hydrophobic residues in an interior core. In addition, large numbers of nonco-
valent interactions form between various parts of the molecule. It is the sum of
all of these energetically favorable arrangements that determines the final fold-
ing pattern of the polypeptide chain—as the conformation of lowest free energy
(see p. 130).

Through many millions of years of evolution, the amino acid sequence of
each protein has been selected not only for the conformation that it adopts but
also for an ability to fold rapidly. For some proteins, this folding begins immedi-
ately, as the protein spins out of the ribosome, starting from the N-terminal end.
In these cases, as each protein domain emerges from the ribosome, within a few
seconds it forms a compact structure that contains most of the final secondary
features (o helices and f sheets) aligned in roughly the right conformation (Fig-
ure 6-83). For many protein domains, this unusually dynamic and flexible state
called a molten globule, is the starting point for a relatively slow process in which
many side-chain adjustments occur that eventually form the correct tertiary
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388 Chapter 6: How Cells Read the Genome: From DNA to Protein

Figure 6-82 Steps in the creation of a functional protein. As indicated,
translation of an mRNA sequence into an amino acid sequence on the
ribosome is not the end of the process of forming a protein. To function,
the completed polypeptide chain must fold correctly into its three-
dimensional conformation, bind any cofactors required, and assemble with
its partner protein chains (if any). Noncovalent bond formation drives these
changes. As indicated, many proteins also require covalent modifications of
selected amino acids. Although the most frequent modifications are
protein glycosylation and protein phosphorylation, more than 100 different
types of covalent modifications are known (see, for example, Figure 3-81).

structure. It takes several minutes to synthesize a protein of average size, and for
some proteins much of the folding process is complete by the time the ribosome
releases the C-terminal end of a protein (Figure 6-84).

Molecular Chaperones Help Guide the Folding of Most Proteins

Most proteins probably do not begin to fold during their synthesis. Instead, they
are met at the ribosome by a special class of proteins called molecular chaper-
ones. Molecular chaperones are useful for cells because there are many different
paths that can be taken to convert an unfolded or partially folded protein to its
final compact conformation. For many proteins, some of the intermediates
formed along the way would aggregate and be left as off-pathway dead ends
without the intervention of a chaperone (Figure 6-85).

Many molecular chaperones are called heat-shock proteins (designated
Hsp), because they are synthesized in dramatically increased amounts after a
brief exposure of cells to an elevated temperature (for example, 42°C for cells
that normally live at 37°C). This reflects the operation of a feedback system that
responds to an increase in misfolded proteins (such as those produced by ele-
vated temperatures) by boosting the synthesis of the chaperones that help these
proteins refold.

There are several major families of eucaryotic molecular chaperones,
including the Hsp60 and Hsp70 proteins. Different family members function in
different organelles. Thus, as discussed in Chapter 12, mitochondria contain
their own Hsp60 and Hsp70 molecules that are distinct from those that function
in the cytosol; and a special Hsp70 (called BIP) helps to fold proteins in the
endoplasmic reticulum.
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Figure 6-83 The structure of a molten
globule. (A) A molten globule form of
cytochrome bsg; is more open and less
highly ordered than the final folded form
of the protein, shown in (B). Note that the
molten globule contains most of the
secondary structure of the final form,
although the ends of the o helices are
unravelled and one of the helices is only
partly formed. (Courtesy of Joshua Wand,
from Y. Feng et al., Nat. Struct. Biol.
1:30-35, 1994. With permission from
Macmillan Publishers Ltd.)
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The Hsp60 and Hsp70 proteins each work with their own small set of asso-
ciated proteins when they help other proteins to fold. Hsps share an affinity for
the exposed hydrophobic patches on incompletely folded proteins, and they
hydrolyze ATP, often binding and releasing their protein substrate with each
cycle of ATP hydrolysis. In other respects, the two types of Hsp proteins function
differently. The Hsp70 machinery acts early in the life of many proteins, binding
to a string of about seven hydrophobic amino acids before the protein leaves the
ribosome (Figure 6-86). In contrast, Hsp60-like proteins form a large barrel-
shaped structure that acts after a protein has been fully synthesized. This type of
chaperone, sometimes called a chaperonin, forms an “isolation chamber” into
which misfolded proteins are fed, preventing their aggregation and providing
them with a favorable environment in which to attempt to refold (Figure 6-87).
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Figure 6-84 Co-translational protein
folding. A growing polypeptide chain is
shown acquiring its secondary and
tertiary structure as it emerges from a
ribosome. The N-terminal domain folds
first, while the C-terminal domain is still
being synthesized. This protein has not
achieved its final conformation at the
time it is released from the ribosome.
(Modified from A.N. Federov and

T.O. Baldwin, J. Biol. Chem.
272:32715-32718, 1997.)

Figure 6-85 A current view of protein
folding. Each domain of a newly
synthesized protein rapidly attains a
“molten globule” state. Subsequent
folding occurs more slowly and by
multiple pathways, often involving the
help of a molecular chaperone. Some
molecules may still fail to fold correctly;
as explained in the text, specific
proteases recognize and degrade these
molecules.
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The chaperones shown in Figures 6-86 and 6-87 often use many cycles of
ATP hydrolysis to fold a single polypeptide chain correctly. Although some of this
energy expenditure is used to perform mechanical work, probably much more is
expended to ensure that protein folding is accurate. Just as we saw for transcrip-
tion, splicing, and translation, the expenditure of free energy can be used by
cells to improve the accuracy of a biological process. In the case of protein fold-
ing, ATP hydrolysis allows chaperones to recognize a wide variety of misfolded
structures, to halt any further misfolding and to recommence folding of a pro-
tein in an orderly way:.

Although our discussion focuses on only two types of chaperones, the cell
has a variety of others. The enormous diversity of proteins in cells presumably
requires a wide range of chaperones with versatile surveillance and correction
capabilities.

Exposed Hydrophobic Regions Provide Critical Signals for Protein
Quality Control

If radioactive amino acids are added to cells for a brief period, the newly syn-
thesized proteins can be followed as they mature into their final functional form.
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Figure 6-87 The structure and function of the Hsp60 family of molecular chaperones. (A) The
catalysis of protein refolding. A misfolded protein is initially captured by hydrophobic interactions
along one rim of the barrel. The subsequent binding of ATP plus a protein cap increases the
diameter of the barrel rim, which may transiently stretch (partly unfold) the client protein. This
also confines the protein in an enclosed space, where it has a new opportunity to fold. After
about 15 seconds, ATP hydrolysis occurs, weakening the complex. Subsequent binding of another
ATP molecule ejects the protein, whether folded or not, and the cycle repeats. This type of
molecular chaperone is also known as a chaperonin; it is designated as Hsp60 in mitochondria,
TCP1 in the cytosol of vertebrate cells, and GroEL in bacteria. As indicated, only half of the
symmetrical barrel operates on a client protein at any one time. (B) The structure of GroEL bound
to its GroES cap, as determined by X-ray crystallography. On the /eft is shown the outside of the
barrel-like structure and on the right a cross section through its center. (B, adapted from B. Bukau
and A.L. Horwich, Cell 92:351-366, 1998. With permission from Elsevier.)

Figure 6-86 The Hsp70 family of
molecular chaperones. These proteins
act early, recognizing a small stretch of
hydrophobic amino acids on a protein’s
surface. Aided by a set of smaller Hsp40
proteins (not shown), ATP-bound Hsp70
molecules grasp their target protein and
then hydrolyze ATP to ADP, undergoing
conformational changes that cause the
Hsp70 molecules to associate even more
tightly with the target. After the Hsp40
dissociates, the rapid rebinding of ATP
induces the dissociation of the Hsp70
protein after ADP release. In reality,
repeated cycles of Hsp protein binding
and release help the target protein to
refold, as schematically illustrated in
Figure 6-85.

correctly
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This type of experiment demonstrates that the Hsp70 proteins act first, begin-
ning when a protein is still being synthesized on a ribosome, and the Hsp60-like
proteins act only later to help fold completed proteins. But how does the cell dis-
tinguish misfolded proteins, which require additional rounds of ATP-catalyzed
refolding, from those with correct structures?

Before answering, we need to pause to consider the post-translational fate
of proteins more broadly. Usually, if a protein has a sizable exposed patch of
hydrophobic amino acids on its surface, it is abnormal: it has either failed to fold
correctly after leaving the ribosome, suffered an accident that partly unfolded it
at a later time, or failed to find its normal partner subunit in a larger protein
complex. Such a protein is not merely useless to the cell, it can be dangerous.
Many proteins with an abnormally exposed hydrophobic region can form large
aggregates in the cell. We shall see that, in rare cases, such aggregates do form
and cause severe human diseases. Normally, however, powerful protein quality
control mechanisms prevent such disasters.

Given this background, it is not surprising that cells have evolved elaborate
mechanisms that recognize the hydrophobic patches on proteins and minimize
the damage they cause. Two of these mechanisms depend on the molecular
chaperones just discussed, which bind to the patch and attempt to repair the
defective protein by giving it another chance to fold. At the same time, by cover-
ing the hydrophobic patches, these chaperones transiently prevent protein
aggregation. Proteins that very rapidly fold correctly on their own do not display
such patches and the chaperones bypass them.

Figure 6-88 outlines all of the quality control choices that a cell makes for a
difficult-to-fold, newly synthesized protein. As indicated, when attempts to
refold a protein fail, a third mechanism is called into play that completely
destroys the protein by proteolysis. The proteolytic pathway begins with the
recognition of an abnormal hydrophobic patch on a protein’s surface, and it
ends with the delivery of the entire protein to a protein destruction machine, a
complex protease known as the proteasome. As described next, this process
depends on an elaborate protein-marking system that also carries out other
central functions in the cell by destroying selected normal proteins.

The Proteasome Is a Compartmentalized Protease with
Sequestered Active Sites

The proteolytic machinery and the chaperones compete with one another to
reorganize a misfolded protein. If a newly synthesized protein folds rapidly, at
most only a small fraction of it is degraded. In contrast, a slowly folding protein
is vulnerable to the proteolytic machinery for a longer time, and many more of
its molecules are destroyed before the remainder attain the proper folded state.
Due to mutations or to errors in transcription, RNA splicing, and translation,
some proteins never fold properly. It is particularly important that the cell
destroy these potentially harmful proteins.

The apparatus that deliberately destroys aberrant proteins is the protea-
some, an abundant ATP-dependent protease that constitutes nearly 1% of cell
protein. Present in many copies dispersed throughout the cytosol and the
nucleus, the proteasome also destroys aberrant proteins of the endoplasmic
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Figure 6-88 The processes that monitor
protein quality following protein
synthesis. A newly synthesized protein
sometimes folds correctly and assembles
on its own with its partner proteins, in
which case the quality control
mechanisms leave it alone. Incompletely
folded proteins are helped to refold by
molecular chaperones: first by a family of
Hsp70 proteins, and then in some cases,
by Hsp60-like proteins. For both types of
chaperones, the client proteins are
recognized by an abnormally exposed
patch of hydrophobic amino acids on their
surface. These “protein-rescue” processes
compete with another mechanism that,
upon recognizing an abnormally exposed
patch, marks the protein for destruction
by the proteasome. The combined activity
of all of these processes is needed to
prevent massive protein aggregation in a
cell, which can occur when many
hydrophobic regions on proteins clump
together nonspecifically.
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392 Chapter 6: How Cells Read the Genome: From DNA to Protein

reticulum (ER). An ER-based surveillance system detects proteins that fail either
to fold or to be assembled properly after they enter the ER, and retrotranslocates
them back to the cytosol for degradation (discussed in Chapter 12).

Each proteasome consists of a central hollow cylinder (the 20S core protea-
some) formed from multiple protein subunits that assemble as a quasi-cylindri-
cal stack of four heptameric rings (Figure 6-89). Some of the subunits are dis-
tinct proteases whose active sites face the cylinder’s inner chamber. The design
prevents these highly efficient proteases from running rampant through the cell.
Each end of the cylinder is normally associated with a large protein complex (the
19S cap), which contains a six-subunit protein ring, through which target pro-
teins are threaded into the proteasome core where they are degraded (Figure
6-90). The threading reaction, driven by ATP hydrolysis, unfolds the target pro-
teins as they move through the cap, exposing them to the proteases lining the
proteasome core (Figure 6-91). The proteins that make up the ring structure in
the proteasome cap belong to a large class of protein “unfoldases” known as AAA
proteins. Many of them function as hexamers, and it is possible that they share
mechanistic features with the ATP-dependent unwinding of DNA by DNA heli-
cases (see Figure 5-15).

A crucial property of the proteasome, and one reason for the complexity of
its design, is the processivity of its mechanism: in contrast to a “simple” protease
that cleaves a substrate’s polypeptide chain just once before dissociating, the
proteasome keeps the entire substrate bound until all of it is converted into
short peptides.

The 19S caps also act as regulated “gates” at the entrances to the inner pro-
teolytic chamber, and they are responsible for binding a targeted protein sub-
strate to the proteasome. With a few exceptions, the proteasomes act on pro-
teins that have been specifically marked for destruction by the covalent
attachment of a recognition tag formed from a small protein called ubiquitin
(Figure 6-92A). Ubiquitin exists in cells either free or covalently linked to
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Figure 6-89 The proteasome. (A) A cut-
away view of the structure of the central
20S cylinder, as determined by x-ray
crystallography, with the active sites of the
proteases indicated by red dots.

(B) The entire proteasome, in which the
central cylinder (yellow) is supplemented
by a 19S cap (blue) at each end. The cap
structure has been determined by
computer processing of electron
microscope images. The complex cap (also
called the regulatory particle) selectively
binds proteins that have been marked by
ubiquitin for destruction; it then uses ATP
hydrolysis to unfold their polypeptide
chains and feed them through a narrow
channel (see Figure 6-91) into the inner
chamber of the 20S cylinder for digestion
to short peptides. (B, from W. Baumeister
et al., Cell 92:367-380, 1998. With
permission from Elsevier.)

Figure 6-90 Processive protein
digestion by the proteasome. The
proteasome cap recognizes a substrate
protein, in this case marked by a
polyubiquitin chain (see Figure 6-92),
and subsequently translocates it into the
proteasome core, where it is digested. At
an early stage, the ubiquitin is cleaved
from the substrate protein and is
recycled. Translocation into the core of
the proteasome is mediated by a ring of
ATP-dependent proteins that unfold the
substrate protein as it is threaded
through the ring and into the
proteasome core (see Figure 6-91). (From
S. Prakash and A. Matouschek, Trends
Biochem. Sci. 29:593-600, 2004. With
permission from Elsevier.)
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Figure 6-91 A hexameric protein unfoldase. (A) The structure is formed from six subunits
each belonging to the AAA family of proteins. (B) Model for the ATP-dependent unfoldase

activity of AAA proteins. The ATP-bound form of a hexameric ring of AAA proteins bindsa  rare translocation
folded substrate protein that has been marked for unfolding (and eventual destruction) and denaturation

by a recognition tag such as a polyubiquitin chain (see below) or the peptide added to
mark incompletely synthesized proteins (see Figure 6-81). A conformational change,
made irreversible by ATP hydrolysis, pulls the substrate into the central core and strains
the ring structure. At this point, the substrate protein, which is being tugged upon, can
partially unfold and enter further into the pore or it can maintain its structure and
dissociate. Very stable protein substrates may require hundreds of cycles of ATP hydrolysis
and dissociation before they are successfully pulled into the AAA ring. Once unfolded, the
substrate protein moves relatively quickly through the pore by successive rounds of ATP
hydrolysis. (A, from X. Zhang et al., Mol. Cell 6:1473-1484, 2000, and A.N. Lupas and

J. Martin, Curr. Opin. Struct. Biol. 12:746-753, 2002; B, from R.T. Sauer et al., Cell 119:9-18,
2004. All with permission from Elsevier.)

many different intracellular proteins. For many proteins, tagging by ubiquitin
results in their destruction by the proteasome. However, in other cases, ubiqui-
tin tagging has an entirely different meaning. Ultimately, it is the number of
ubiquitin molecules added and the way in which they are linked together that
determines how the cell interprets the ubiquitin message (Figure 6-93). In the
following sections, we emphasize the role of ubiquitylation in signifying protein
degradation.

An Elaborate Ubiquitin-Conjugating System Marks Proteins for
Destruction

Ubiquitin is prepared for conjugation to other proteins by the ATP-dependent
ubiquitin-activating enzyme (E1), which creates an activated, E1-bound ubiqui-
tin that is subsequently transferred to one of a set of ubiquitin-conjugating (E2)
enzymes (Figure 6-92B). The E2 enzymes act in conjunction with accessory (E3)
proteins. In the E2-E3 complex, called ubiquitin ligase, the E3 component binds
to specific degradation signals, called degrons, in protein substrates, helping E2
to form a polyubiquitin chain linked to a lysine of the substrate protein. In this
chain, the C-terminal residue of each ubiquitin is linked to a specific lysine of
the preceding ubiquitin molecule (see Figure 6-93), producing a linear series of
ubiquitin—ubiquitin conjugates (Figure 6-92C). It is this polyubiquitin chain on
a target protein that is recognized by a specific receptor in the proteasome.
There are roughly 30 structurally similar but distinct E2 enzymes in mam-
mals, and hundreds of different E3 proteins that form complexes with specific
E2 enzymes. The ubiquitin—-proteasome system thus consists of many distinct
but similarly organized proteolytic pathways, which have in common both the
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El enzyme at the “top” and the proteasome at the “bottom,” and differ by the
compositions of their E2-E3 ubiquitin ligases and accessory factors. Distinct
ubiquitin ligases recognize different degradation signals, and therefore target
distinct subsets of intracellular proteins for destruction.

Denatured or otherwise misfolded proteins, as well as proteins containing
oxidized or other abnormal amino acids, are recognized and destroyed because
abnormal proteins tend to present on their surface amino acid sequences or
conformational motifs that are recognized as degradation signals by a set of E3
molecules in the ubiquitin—proteasome system; these sequences must of course
be buried and therefore inaccessible in the normal counterparts of these pro-
teins. However, a proteolytic pathway that recognizes and destroys abnormal
proteins must be able to distinguish between completed proteins that have
“wrong” conformations and the many growing polypeptides on ribosomes (as
well as polypeptides just released from ribosomes) that have not yet achieved
their normal folded conformation. This is not a trivial problem; the
ubiquitin—proteasome system is thought to destroy many of the nascent and
newly formed protein molecules not because these proteins are abnormal as
such, but because they transiently expose degradation signals that are buried in
their mature (folded) state.

Figure 6-92 Ubiquitin and the marking of proteins with polyubiquitin
chains. (A) The three-dimensional structure of ubiquitin; this relatively
small protein contains 76 amino acids. (B) The C-terminus of ubiquitin is
initially activated through its high-energy thioester linkage to a cysteine
side chain on the E1 protein. This reaction requires ATP, and it proceeds via
a covalent AMP-ubiquitin intermediate. The activated ubiquitin on E1, also
known as the ubiquitin-activating enzyme, is then transferred to the
cysteines on a set of E2 molecules. These E2s exist as complexes with an
even larger family of E3 molecules. (C) The addition of a polyubiquitin
chain to a target protein. In a mammalian cell there are several hundred
distinct E2-E3 complexes, many of which recognize a specific degradation
signal on target proteins by means of the E3 component. The E2s are called
ubiquitin-conjugating enzymes. The E3s have been referred to traditionally
as ubiquitin ligases, but it is more accurate to reserve this name for the
functional E2-E3 complex. The detailed structure of such a complex is
presented in Figure 3-79.
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Many Proteins Are Controlled by Regulated Destruction

One function of intracellular proteolytic mechanisms is to recognize and elimi-
nate misfolded or otherwise abnormal proteins, as just described. Yet another
function of these proteolytic pathways is to confer short lifetimes on specific
normal proteins whose concentrations must change promptly with alterations
in the state of a cell. Some of these short-lived proteins are degraded rapidly at
all times, while many others are conditionally short-lived, that is, they are
metabolically stable under some conditions but become unstable upon a
change in the cell’s state. For example, mitotic cyclins are long-lived throughout
the cell cycle until their sudden degradation at the end of mitosis, as explained
in Chapter 17.

How is such a regulated destruction of a protein controlled? Several mecha-
nisms are illustrated through specific examples that appear later in this book. In
one general class of mechanism (Figure 6-94A), the activity of a ubiquitin ligase
is turned on either by E3 phosphorylation or by an allosteric transition in an E3
protein caused by its binding to a specific small or large molecule. For example,
the anaphase-promoting complex (APC) is a multisubunit ubiquitin ligase that
is activated by a cell-cycle-timed subunit addition at mitosis. The activated APC
then causes the degradation of mitotic cyclins and several other regulators of the
metaphase—-anaphase transition (see Figure 17-44).

Alternatively, in response either to intracellular signals or to signals from the
environment, a degradation signal can be created in a protein, causing its rapid
ubiquitylation and destruction by the proteasome. One common way to create
such a signal is to phosphorylate a specific site on a protein that unmasks a nor-
mally hidden degradation signal. Another way to unmask such a signal is by the
regulated dissociation of a protein subunit. Finally, powerful degradation signals
can be created by cleaving a single peptide bond, provided that this cleavage
creates a new N-terminus that is recognized by a specific E3 as a “destabilizing”
N-terminal residue (Figure 6-94B).

The N-terminal type of degradation signal arises because of the “N-end
rule,” which relates the lifetime of a protein in vivo to the identity of its N-ter-
minal residue. There are 12 destabilizing residues in the N-end rule of the yeast
S. cerevisiae (Arg, Lys, His, Phe, Leu, Tyr, Trp, Ile, Asp, Glu, Asn, and GIn), out of
the 20 standard amino acids. The destabilizing N-terminal residues are recog-
nized by a special ubiquitin ligase that is conserved from yeast to humans.

As we have seen, all proteins are initially synthesized bearing methionine
(or formylmethionine in bacteria), as their N-terminal residue, which is a sta-
bilizing residue in the N-end rule. Special proteases, called methionine
aminopeptidases, will often remove the first methionine of a nascent protein,
but they will do so only if the second residue is also stabilizing according to N-
end rule. Therefore, it was initially unclear how N-end rule substrates form in
vivo. However, it is now understood that these substrates are formed by site-
specific proteases. For example, a subunit of cohesin, a protein complex that
holds sister chromatids together, is cleaved by a highly specific protease during
the metaphase-anaphase transition. This cell-cycle-regulated cleavage allows
separation of the sister chromatids and leads to the completion of mitosis (see
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Figure 6-93 The marking of proteins by
ubiquitin. Each modification pattern
shown can have a specific meaning to the
cell. The two types of polyubiquitylation
differ in the way the ubiquitin molecules
are linked together. Linkage through Lys48
signifies degradation by the proteasome
whereas that through Lys63 has other
meanings. Ubiquitin markings are “read”
by proteins that specifically recognize
each type of modification.
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396 Chapter 6: How Cells Read the Genome: From DNA to Protein

Figure 17-44). The C-terminal fragment of the cleaved subunit bears an N-ter-
minal arginine, a destabilizing residue in the N-end rule. Mutant cells lacking
the N-end rule pathway exhibit a greatly increased frequency of chromosome
loss, presumably because a failure to degrade this fragment of the cohesin sub-
unit interferes with the formation of new chromatid-associated cohesin com-
plexes in the next cell cycle.

Abnormally Folded Proteins Can Aggregate to Cause Destructive
Human Diseases

Many inherited human diseases (for example, sickle-cell anemia (see p. 1495)
and o-1-antitrypsin deficiency, a condition that often leads to liver disease and
emphysema) result from mutant proteins that escape the cell’s quality controls,
fold abnormally, and form aggregates. By absorbing critical macromolecules,
these aggregates can severely damage cells and even cause cell death. Often, the
inheritance of a single mutant allele of a gene can cause disease, since the nor-
mal copy of the gene cannot protect the cell from the destructive properties of
the aggregate.

In normal humans, the gradual decline of the cell’s protein quality controls
can also cause disease by permitting normal proteins to form aggregates (Fig-
ure 6-95). In some cases, the protein aggregates are released from dead cells
and accumulate in the extracellular matrix that surrounds the cells in a tissue,
and in extreme cases they can also damage tissues. Because the brain is com-
posed of a highly organized collection of nerve cells, it is especially vulnerable.
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Figure 6-94 Two general ways of
inducing the degradation of a specific
protein. (A) Activation of a specific E3
molecule creates a new ubiquitin ligase.
(B) Creation of an exposed degradation
signal in the protein to be degraded. This
signal binds a ubiquitin ligase, causing
the addition of a polyubiquitin chain to a
nearby lysine on the target protein. All six
pathways shown are known to be used
by cells to induce the movement of
selected proteins into the proteasome.
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Figure 6-95 Protein aggregates that cause human disease. (A) Schematic illustration of the type of conformational change in a
protein that produces material for a cross-beta filament. (B) Diagram illustrating the self-infectious nature of the protein

aggregation that is central to prion diseases. PrP (prion protein) is highly unusual because the misfolded version of the protein,

called PrP*, induces the normal PrP protein it contacts to change its conformation, as shown. Most of the human diseases caused
by protein aggregation are caused by the overproduction of a variant protein that is especially prone to aggregation, but the
protein aggregate cannot spread from one animal to another. (C) Drawing of a cross-beta filament, a common type of protease-
resistant protein aggregate found in many human neurological diseases. Because the hydrogen-bond interactions in a § sheet
form between polypeptide backbone atoms (see Figure 3-9), a number of different abnormally folded proteins can produce this
structure. (D) One of several possible models for the conversion of PrP to PrP*, showing the likely change of two o helices into four
B strands. Although the structure of the normal protein has been determined accurately, the structure of the infectious form is not
yet known with certainty because the aggregation has prevented the use of standard structural techniques. (C, courtesy of Louise
Serpell, adapted from M. Sunde et al., J. Mol. Biol. 273:729-739, 1997. With permission from Academic Press; D, adapted from

S.B. Prusiner, Trends Biochem. Sci. 21:482-487, 1996. With permission from Elsevier.)

Not surprisingly, therefore, protein aggregates primarily cause neurodegenera-
tive diseases. Prominent among these are Huntington’s disease and Alzheimer’s
disease—the latter causing age-related dementia in more than 20 million people
in today’s world.

For a particular type of protein aggregate to survive, grow, and damage an
organism, it must be highly resistant to proteolysis both inside and outside the
cell. Many of the protein aggregates that cause problems form fibrils built from
a series of polypeptide chains that are layered one over the other as a continu-
ous stack of B sheets. This so-called cross-beta filament (Figure 6-95C), a struc-
ture particularly resistant to proteolysis, is observed in many of the neurological
disorders caused by protein aggregates, where it produces distinctly staining
deposits known as amyloids.

One particular variety of these pathologies has attained special notoriety.
These are the prion diseases. Unlike Huntington’s or Alzheimer’s, prion diseases
can spread from one organism to another, providing that the second organism
eats a tissue containing the protein aggregate. A set of diseases—called scrapie
in sheep, Creutzfeldt-Jacob disease (CJD) in humans, and bovine spongiform
encephalopathy (BSE) in cattle—are caused by a misfolded, aggregated form of
a protein called PrP (for prion protein). The PrP is normally located on the outer
surface of the plasma membrane, most prominently in neurons. Its normal
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function is not known. However, PrP has the unfortunate property of being con-
vertible to a very special abnormal conformation (see Figure 6-95A). This con-
formation not only forms protease-resistant, cross-beta filaments; it is also
“infectious” because it converts normally folded molecules of PrP to the same
pathological form. This property creates a positive feedback loop that propa-
gates the abnormal form of PrB called PrP* (see Figure 6-95B) and thereby
allows the pathological conformation to spread rapidly from cell to cell in the
brain, eventually causing death in both animals and humans. It can be danger-
ous to eat the tissues of animals that contain PrP*, as witnessed by the spread of
BSE (commonly referred to as “mad cow disease”) from cattle to humans in
Great Britain. Fortunately, in the absence of PrP*, PrP is extraordinarily difficult
to convert to its abnormal form.

Although very few proteins have the potential to misfold into an infectious
conformation, another example causes an otherwise mysterious “protein-only
inheritance” observed in yeast cells. The ability to study infectious proteins in
yeast has clarified another remarkable feature of prions. These protein
molecules can form several distinctively different types of aggregates from the
same polypeptide chain. Moreover, each type of aggregate can be infectious,
forcing normal protein molecules to adopt the same type of abnormal structure.
Thus, several different “strains” of infectious particles can arise from the same
polypeptide chain (Figure 6-96). How a single polypeptide sequence can adopt
multiple aggregate forms is not fully understood; it is possible that all prion
aggregates resemble cross-beta filaments (see Figure 6-95C) where the structure
is held together predominantly with main peptide chain interactions. This
would leave the amino acid side chains free to adopt different conformations
and, if the structures are self-propagating, the existence of different strains
could be explained.

Finally, although prions were discovered because they cause disease, they
also appear to have some positive roles in the cell. For example, some species of
fungi use prion transformations to establish different types of cells. Although the
idea is controversial, it has even been proposed that prions have a role in con-
solidating memories in complex, multicellular organisms like ourselves.

Figure 6-96 Creation of different prion
strains in vitro. In this experiment,
amyloid fibers were denatured and the
components renatured at different
temperatures. This treatment produced
three distinctive types of amyloids, each
of which could self-propagate when new
subunits are added.
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There Are Many Steps From DNA to Protein
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We have seen so far in this chapter that many different types of chemical reactions
are required to produce a properly folded protein from the information contained
in a gene (Figure 6-97). The final level of a properly folded protein in a cell there-
fore depends upon the efficiency with which each of the many steps is performed.

In the following chapter, we shall see that cells have the ability to change the
levels of their proteins according to their needs. In principle, any or all of the
steps in Figure 6-97 could be regulated for each individual protein. As we shall
see in Chapter 7, there are examples of regulation at each step from gene to pro-
tein. However, the initiation of transcription is the most common point for a cell
to regulate the expression of each of its genes. This makes sense, inasmuch as
the most efficient way to keep a gene from being expressed is to block the very
first step—the transcription of its DNA sequence into an RNA molecule.

Summary

The translation of the nucleotide sequence of an mRNA molecule into protein takes
place in the cytoplasm on a large ribonucleoprotein assembly called a ribosome. The
amino acids used for protein synthesis are first attached to a family of tRNA molecules,
each of which recognizes, by complementary base-pair interactions, particular sets of
three nucleotides in the mRNA (codons). The sequence of nucleotides in the mRNA is
then read from one end to the other in sets of three according to the genetic code.
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Figure 6-97 The production of a protein
by a eucaryotic cell. The final level of
each protein in a eucaryotic cell depends
upon the efficiency of each step
depicted.
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400 Chapter 6: How Cells Read the Genome: From DNA to Protein

To initiate translation, a small ribosomal subunit binds to the mRNA molecule at
a start codon (AUG) that is recognized by a unique initiator tRNA molecule. A large
ribosomal subunit binds to complete the ribosome and begin protein synthesis. Dur-
ing this phase, aminoacyl-tRNAs—each bearing a specific amino acid—bind sequen-
tially to the appropriate codons in mRNA through complementary base pairing
between tRNA anticodons and mRNA codons. Each amino acid is added to the C-ter-
minal end of the growing polypeptide in four sequential steps: aminoacyl-tRNA bind-
ing, followed by peptide bond formation, followed by two ribosome translocation
steps. Elongation factors use GTP hydrolysis to drive these reactions forward and to
improve the accuracy of amino acid selection. The mRNA molecule progresses codon
by codon through the ribosome in the 5'-to-3’ direction until it reaches one of three
stop codons. A release factor then binds to the ribosome, terminating translation and
releasing the completed polypeptide.

Eucaryotic and bacterial ribosomes are closely related, despite differences in the
number and size of their rRNA and protein components. The rRNA has the dominant
role in translation, determining the overall structure of the ribosome, forming the
binding sites for the tRNAs, matching the tRNAs to codons in the mRNA, and creating
the active site of the peptidyl transferase enzyme that links amino acids together dur-
ing translation.

In the final steps of protein synthesis, two distinct types of molecular chaperones
guide the folding of polypeptide chains. These chaperones, known as Hsp60 and
Hsp70, recognize exposed hydrophobic patches on proteins and serve to prevent the
protein aggregation that would otherwise compete with the folding of newly synthe-
sized proteins into their correct three-dimensional conformations. This protein folding
process must also compete with an elaborate quality control mechanism that destroys
proteins with abnormally exposed hydrophobic patches. In this case, ubiquitin is cova-
lently added to a misfolded protein by a ubiquitin ligase, and the resulting polyubiq-
uitin chain is recognized by the cap on a proteasome that moves the entire protein to
the interior of the proteasome for proteolytic degradation. A closely related proteolytic
mechanism, based on special degradation signals recognized by ubiquitin ligases, is
used to determine the lifetimes of many normally folded proteins. By this method,
selected normal proteins are removed from the cell in response to specific signals.

THE RNA WORLD AND THE ORIGINS OF LIFE

We have seen that the expression of hereditary information requires extraordi-
narily complex machinery and proceeds from DNA to protein through an RNA
intermediate. This machinery presents a central paradox: if nucleic acids are
required to synthesize proteins and proteins are required, in turn, to synthesize
nucleic acids, how did such a system of interdependent components ever arise?
One view is that an RNA world existed on Earth before modern cells arose (Fig-
ure 6-98). According to this hypothesis, RNA both stored genetic information
and catalyzed the chemical reactions in primitive cells. Only later in evolution-
ary time did DNA take over as the genetic material and proteins become the
major catalyst and structural component of cells. If this idea is correct, then the
transition out of the RNA world was never complete; as we have seen in this
chapter, RNA still catalyzes several fundamental reactions in modern-day cells,
which can be viewed as molecular fossils of an earlier world.

RNA
WORLD
15 billion years ago 10 5 ‘ present
solar first first
. system cells mammals
big bang formed with
DNA

Figure 6-98 Time line for the universe,
suggesting the early existence of an
RNA world of living systems.
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In this section we present some of the arguments in support of the RNA
world hypothesis. We will see that several of the more surprising features of
modern-day cells, such as the ribosome and the pre-mRNA splicing machinery,
are most easily explained by viewing them as descendants of a complex network
of RNA-mediated interactions that dominated cell metabolism in the RNA
world. We also discuss how DNA may have taken over as the genetic material,
how the genetic code may have arisen, and how proteins may have eclipsed RNA
to perform the bulk of biochemical catalysis in modern-day cells.

Life Requires Stored Information

It has been proposed that the first “biological” molecules on Earth were formed
by metal-based catalysis on the crystalline surfaces of minerals. In principle, an
elaborate system of molecular synthesis and breakdown (metabolism) could
have existed on these surfaces long before the first cells arose. Although contro-
versial, many scientists believe that an extensive phase of “chemical evolution”
took place on the prebiotic Earth, during which small molecules that could cat-
alyze their own synthesis competed with each other for raw materials.

But life requires much more than this. As described in Chapter 1, heredity
is perhaps the central feature of life. Not only must a cell use raw materials to
create a network of catalyzed reactions, it must do so according to an elaborate
set of instructions encoded in the hereditary information. The replication of
this information ensures that the complex metabolism of cells can accurately
reproduce itself. Another crucial feature of life is the genetic variability that
results from changes in the hereditary information. This variability, acted
upon by selective pressures, is responsible for the great diversity of life on our
planet.

Thus, the emergence of life requires a way to store information, a way to
duplicate it, a way to change it, and a way to convert the information through
catalysis into favorable chemical reactions. But how could such a system begin
to be formed? In present-day cells the most versatile catalysts are polypeptides,
composed of many different amino acids with chemically diverse side chains
and, consequently, able to adopt diverse three-dimensional forms that bristle
with reactive chemical groups. Polypeptides also carry information, in the order
of their amino acid subunits. But there is no known way in which a polypeptide
can reproduce itself by directly specifying the formation of another of precisely
the same sequence.

Polynucleotides Can Both Store Information and Catalyze
Chemical Reactions

Polynucleotides have one property that contrasts with those of polypeptides: they
can directly guide the formation of copies of their own sequence. This capacity
depends on complementary base pairing of nucleotide subunits, which enables
one polynucleotide to act as a template for the formation of another. As we have
seen in this and the preceding chapter, such complementary templating mecha-
nisms lie at the heart of DNA replication and transcription in modern-day cells.

But the efficient synthesis of polynucleotides by such complementary tem-
plating mechanisms requires catalysts to promote the polymerization reaction:
without catalysts, polymer formation is slow, error-prone, and inefficient. Today,
template-based nucleotide polymerization is rapidly catalyzed by protein
enzymes—such as the DNA and RNA polymerases. How could such polymeriza-
tion be catalyzed before proteins with the appropriate enzymatic specificity
existed? The beginnings of an answer to this question came from the discovery
in 1982 that RNA molecules themselves can act as catalysts. We have seen in this
chapter, for example, that a molecule of RNA catalyzes one of the central reac-
tions in the cell, the covalent joining of amino acids to form proteins. The unique
potential of RNA molecules to act both as information carrier and as catalyst
forms the basis of the RNA world hypothesis.
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Figure 6-99 An RNA molecule that can catalyze its own synthesis. This
hypothetical process would require catalysis of the production of both a
second RNA strand of complementary nucleotide sequence and the use of
this second RNA molecule as a template to form many molecules of RNA
with the original sequence. The red rays represent the active site of this
hypothetical RNA enzyme.

RNA therefore has all the properties required of a molecule that could cat-
alyze a variety of chemical reactions, including those that lead to its own syn-
thesis (Figure 6-99). Although self-replicating systems of RNA molecules have
not been found in nature, scientists are confident that they can be constructed
in the laboratory. While this demonstration would not prove that self-replicating
RNA molecules were essential in the origin of life on Earth, it would certainly
indicate that such a scenario is possible.

A Pre-RNA World May Predate the RNA World

Although RNA seems well suited to form the basis for a self-replicating set of bio-
chemical catalysts, it is not clear that RNA was the first kind of molecule to do so.
From a purely chemical standpoint, it is difficult to imagine how long RNA
molecules could be formed initially by purely nonenzymatic means. For one
thing, the precursors of RNA, the ribonucleotides, are difficult to form nonenzy-
matically. Moreover, the formation of RNA requires that a long series of 3’-to-5
phosphodiester linkages assemble in the face of a set of competing reactions,
including hydrolysis, 2’-to-5" linkages, and 5’-to-5" linkages. Given these prob-
lems, it has been suggested that the first molecules to possess both catalytic
activity and information storage capabilities may have been polymers that
resemble RNA but are chemically simpler (Figure 6-100). We do not have any
remnants of these compounds in present-day cells, nor do such compounds
leave fossil records. Nonetheless, the relative simplicity of these “RNA-like poly-
mers” suggests that one of them, rather than RNA itself, may have been the first
biopolymer on Earth capable of both information storage and catalytic activity.
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Figure 6-100 Structures of RNA and two
related information-carrying polymers.
In each case, B indicates a purine or
pyrimidine base. The polymer TNA
(threose nucleic acid) has a 4-carbon
sugar unit in contrast to the 5-carbon
ribose in RNA. In PNA (peptide nucleic
acid), the ribose phosphate backbone of
RNA has been replaced by the peptide
backbone found in proteins. Like RNA,
TNA and PNA can form double helices
through complementary base-pairing,
and each could therefore in principle
serve as a template for its own synthesis.
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If the pre-RNA world hypothesis is correct, then a transition to the RNA
world must have occurred, presumably through the synthesis of RNA using one
of these simpler polymers as both template and catalyst. While the details of the
pre-RNA and RNA worlds will likely remain unknown, we know for certain that
RNA molecules can catalyze a wide variety of chemical reactions, and we now
turn to the properties of RNA that make this possible.

Single-Stranded RNA Molecules Can Fold into Highly Elaborate
Structures

We have seen that complementary base-pairing and other types of hydrogen
bonds can occur between nucleotides in the same chain, causing an RNA
molecule to fold up in a unique way determined by its nucleotide sequence (see,
for example, Figures 6-6, 6-52, and 6-69). Comparisons of many RNA structures
have revealed conserved motifs, short structural elements that are used over and
over again as parts of larger structures. Figure 6-101 shows some of these RNA
secondary structural motifs, and Figure 6-102 shows a few common examples
of more complex and often longer-range interactions, known as RNA tertiary
interactions.
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Figure 6-101 Common elements of RNA
secondary structure. Conventional,
complementary base-pairing interactions
are indicated by red “rungs” in double-
helical portions of the RNA.

Figure 6-102 Examples of RNA tertiary
interactions. Some of these interactions
can join distant parts of the same RNA
molecule or bring two separate RNA
molecules together.
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Figure 6-103 A ribozyme. This simple RNA molecule catalyzes the
cleavage of a second RNA at a specific site. This ribozyme is found
embedded in larger RNA genomes—called viroids—which infect plants.
The cleavage, which occurs in nature at a distant location on the same RNA
molecule that contains the ribozyme, is a step in the replication of the
viroid genome. Although not shown in the figure, the reaction requires a
Mg molecule positioned at the active site. (Adapted from T.R. Cech and
O.C. Uhlenbeck, Nature 372:39-40, 1994. With permission from Macmillan
Publishers Ltd.)

Protein catalysts require a surface with unique contours and chemical prop-
erties on which a given set of substrates can react (discussed in Chapter 3). In
exactly the same way, an RNA molecule with an appropriately folded shape can
serve as an enzyme (Figure 6-103). Like some proteins, many of these
ribozymes work by positioning metal ions at their active sites. This feature gives
them a wider range of catalytic activities than the limited chemical groups of the
polynucleotide chain.

Relatively few catalytic RNAs are known to exist in modern-day cells, how-
ever, and much of our inference about the RNA world has come from experi-
ments in which large pools of RNA molecules of random nucleotide sequences
are generated in the laboratory. Those rare RNA molecules with a property spec-
ified by the experimenter are then selected out and studied (Figure 6-104). Such
experiments have created RNAs that can catalyze a wide variety of biochemical
reactions (Table 6-5), with reaction rate enhancements approaching those of
proteins. Given these findings, it is not clear why protein catalysts greatly out-
number ribozymes in modern cells. Experiments have shown that RNA
molecules may have more difficulty than proteins in binding to flexible,
hydrophobic substrates; moreover, the availability of 20 types of amino acids
over four types of bases may provide proteins with a greater number of catalytic
strategies.

Like proteins, RNAs can undergo conformational changes, either in
response to small molecules or to other RNAs. We saw several examples of this
in the ribosome and the spliceosome, and we will see others in Chapter 7 when
we discuss riboswitches. One of the most dramatic RNA conformational changes
has been observed with an artificial ribozyme which can exist in two entirely dif-
ferent conformations, each with a different catalytic activity (Figure 6-105).
Since the discovery of catalysis by RNA, it has become clear that RNA is an enor-
mously versatile molecule, and it is therefore not unreasonable to contemplate
the past existence of an RNA world with a very high level of biochemical sophis-
tication.

Self-Replicating Molecules Undergo Natural Selection

The three-dimensional folded structure of a polynucleotide affects its stability,
its actions on other molecules, and its ability to replicate. Therefore, certain
polynucleotides will be especially successful in any self-replicating mixture.
Because errors inevitably occur in any copying process, new variant sequences
of these polynucleotides will be generated over time.

Certain catalytic activities would have had a cardinal importance in the early
evolution of life. Consider in particular an RNA molecule that helps to catalyze
the process of templated polymerization, taking any given RNA molecule as a
template (Figure 6-106). Such a molecule, by acting on copies of itself, can repli-
cate. At the same time, it can promote the replication of other types of RNA
molecules in its neighborhood (Figure 6-107). If some of these neighboring
RNAs have catalytic actions that help the survival of RNA in other ways (catalyz-
ing ribonucleotide production, for example), a set of different types of RNA
molecules, each specialized for a different activity, could evolve into a coopera-
tive system that replicates with unusually great efficiency.

But for any of these cooperative systems to evolve, they must be present
together in a compartment. For example, a set of mutually beneficial RNAs (such

ribozyme

5 +
3

substrate
RNA
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Figure 6-104 In vitro selection of a synthetic ribozyme. Beginning with a
large pool of nucleic acid molecules synthesized in the laboratory, those
rare RNA molecules that possess a specified catalytic activity can be
isolated and studied. Although a specific example (that of an
autophosphorylating ribozyme) is shown, variations of this procedure have
been used to generate many of the ribozymes listed in Table 6-5. During
the autophosphorylation step, the RNA molecules are kept sufficiently
dilute to prevent the “cross”-phosphorylation of additional RNA molecules.
In reality, several repetitions of this procedure are necessary to select the
very rare RNA molecules with this catalytic activity. Thus, the material
initially eluted from the column is converted back into DNA, amplified
many fold (using reverse transcriptase and PCR as explained in Chapter 8),
transcribed back into RNA, and subjected to repeated rounds of selection.
(Adapted from J.R. Lorsch and J.W. Szostak, Nature 371:31-36, 1994. With
permission from Macmillan Publishers Ltd.)

as those of Figure 6-107) could replicate themselves only if all the RNAs
remained in the neighborhood of the RNA that is specialized for templated poly-
merization. Moreover, compartmentalization would bar parasitic RNA
molecules from entering the system. Selection of a set of RNA molecules accord-
ing to the quality of the self-replicating systems they generated could not there-
fore occur efficiently until some form of compartment evolved to contain them.

An early, crude form of compartmentalization may have been simple
adsorption on surfaces or particles. The need for more sophisticated types of
containment is easily fulfilled by a class of small molecules that has the simple
physicochemical property of being amphiphilic, that is, consisting of one part
that is hydrophobic (water insoluble) and another part that is hydrophilic (water
soluble). When such molecules are placed in water, they aggregate, arranging
their hydrophobic portions as much in contact with one another as possible and
their hydrophilic portions in contact with the water. Amphiphilic molecules of
appropriate shape aggregate spontaneously to form bilayers, creating small
closed vesicles whose aqueous contents are isolated from the external medium
(Figure 6-108). The phenomenon can be demonstrated in a test tube by simply
mixing phospholipids and water together: under appropriate conditions, small
vesicles will form. All present-day cells are surrounded by a plasma membrane
consisting of amphiphilic molecules—mainly phospholipids—in this configura-
tion; we discuss these molecules in detail in Chapter 10.

The spontaneous assembly of a set of amphiphilic molecules, enclosing a
self-replicating mixture of RNAs (or pre-RNAs) and other molecules (Figure

Table 6-5 Some Biochemical Reactions That Can Be Catalyzed by Ribozymes
ACTIVITY RIBOZYMES

Peptide bond formation in ribosomal RNA

protein synthesis

RNA cleavage, RNA ligation self-splicing RNAs; RNase P; also in vitro selected

RNA

self-splicing RNAs

self-splicing RNAs, perhaps RNAs of the
spliceosome

in vitro selected RNA

in vitro selected RNA

DNA cleavage
RNA splicing

RNA polymerizaton
RNA and DNA phosphorylation

RNA aminoacylation

RNA alkylation

Amide bond formation
Glycosidic bond formation
Oxidation/reduction reactions
Carbon-carbon bond formation
Phosphoamide bond formation
Disulfide exchange

in vitro selected RNA
in vitro selected RNA
in vitro selected RNA
in vitro selected RNA
in vitro selected RNA
in vitro selected RNA
in vitro selected RNA
in vitro selected RNA
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Figure 6-105 An RNA molecule that folds into two different ribozymes. This 88-nucleotide
RNA, created in the laboratory, can fold into a ribozyme that carries out a self-ligation reaction
(left) or a self-cleavage reaction (right). The ligation reaction forms a 2’,5” phosphodiester
linkage with the release of pyrophosphate. This reaction seals the gap (gray shading), which was
experimentally introduced into the RNA molecule. In the reaction carried out by the HDV fold,
the RNA is cleaved at this same position, indicated by the arrowhead. This cleavage resembles
that used in the life cycle of HDV, a hepatitis B satellite virus, hence the name of the fold. Each
nucleotide is represented by a colored dot, with the colors used simply to clarify the two
different folding patterns. The folded structures illustrate the secondary structures of the two
ribozymes with regions of base-pairing indicated by close oppositions of the colored dots. Note
that the two ribozyme folds have no secondary structure in common. (Adapted from

E.A. Schultes and D.P. Bartel, Science 289:448-452, 2000. With permission from AAAS.)
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6-109), presumably formed the first membrane-bounded cells. Although it is
not clear at what point in the evolution of biological catalysts this might have
occurred, once RNA molecules were sealed within a closed membrane they
could begin to evolve in earnest as carriers of genetic instructions: new variants
could be selected not merely on the basis of their own structure, but also accord-
ing to their effect on the other molecules in the same compartment. The
nucleotide sequences of the RNA molecules could now be expressed in the char-
acter of a unitary living cell.
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Figure 6-106 A ribozyme created in the
laboratory that can catalyze templated
synthesis of RNA from nucleoside
triphosphates. (A) Schematic diagram of
the ribozyme showing one step of the
templated polymerization reaction it
catalyzes. (B) Nucleotide sequence of the
ribozyme with base pairings indicated.
Although relatively inefficient (it can only
synthesize short lengths of RNA), this
ribozyme adds the correct base, as
specified by the template, over 95% of
the time. (From W.K. Johnston et al.,
Science 292:1319-1325, 2001. With
permission from AAAS.)
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How Did Protein Synthesis Evolve?

The molecular processes underlying protein synthesis in present-day cells seem
inextricably complex. Although we understand most of them, they do not make
conceptual sense in the way that DNA transcription, DNA repair, and DNA repli-
cation do. It is especially difficult to imagine how protein synthesis evolved
because it is now performed by a complex interlocking system of protein and
RNA molecules; obviously the proteins could not have existed until an early ver-
sion of the translation apparatus was already in place. The RNA world hypothe-
sis is especially appealing because the use of RNA in both information and catal-
ysis seems both economic and conceptually simple. As attractive as this idea is
for envisioning early life, it does not explain how the modern-day system of pro-
tein synthesis arose. Although we can only speculate on the origins of modern
protein synthesis and the genetic code, several experimental observations have
provided plausible scenarios.

In modern cells, some short peptides (such as antibiotics) are synthesized
without the ribosome; peptide synthetase enzymes assemble these peptides,
with their proper sequence of amino acids, without mRNAs to guide their syn-
thesis. It is plausible that this non-coded, primitive version of protein synthesis
first developed during the RNA world where it would have been catalyzed by
RNA molecules. This idea presents no conceptual difficulties because, as we
have seen, rRNA catalyzes peptide bond formation in present-day cells. We also
know that ribozymes created in the laboratory can perform specific aminoacy-
lation reactions; that is, they can match specific amino acids to specific tRNAs.
It is therefore possible that tRNA-like adapters, each matched to a specific
amino acid, could have arisen in the RNA world, marking the beginnings of a
genetic code.

In principle, other RNAs (the precursors to mRNAs) could have served as
crude templates to direct the nonrandom polymerization of a few different
amino acids. Any RNA that helped guide the synthesis of a useful polypeptide
would have a great advantage in the evolutionary struggle for survival. We can
envision a relatively nonspecific peptidyl transferase ribozyme, which, over
time, grew larger and acquired the ability to position charged tRNAs accurately
on RNA templates—leading eventually to the modern ribosome. Once protein

Figure 6-108 Formation of membrane by phospholipids. Because these
molecules have hydrophilic heads and lipophilic tails, they align
themselves at an oil/water interface with their heads in the water and their
tails in the oil. In the water they associate to form closed bilayer vesicles in
which the lipophilic tails are in contact with one another and the
hydrophilic heads are exposed to the water.

407

Figure 6-107 A family of mutually
supportive RNA molecules. One
molecule is a ribozyme that replicates
itself as well as the other RNA molecules.
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408 Chapter 6: How Cells Read the Genome: From DNA to Protein

Figure 6-109 Encapsulation of RNA by simple amphiphilic molecules.

For these experiments, the clay mineral montmorillonite was used to bring
together RNA and fatty acids. (A) A montmorillonite particle, coated by RNA
(red) has become trapped inside a fatty acid vesicle (green). (B) RNA (red) in
solution has been encapsulated by fatty acids (green). These experiments
show that montmorillonite can greatly accelerate the spontaneous
generation of vesicles from amphiphilic molecules and trap RNA inside
them. It has been hypothesized that conceptually similar actions may have
led to the first primitive cells on Earth. (From M.M. Hanczyc et al., Science
302:618-622, 2003. With permission from AAAS.)

synthesis evolved, the transition to a protein-dominated world could proceed,
with proteins eventually taking over the majority of catalytic and structural tasks
because of their greater versatility, with 20 rather than 4 different subunits.
Although the scenarios just discussed are highly speculative, the known proper-
ties of RNA molecules are consistent with these ideas.

All Present-Day Cells Use DNA as Their Hereditary Material

If the evolutionary speculations embodied in the RNA world hypothesis are cor-
rect, early cells would have differed fundamentally from the cells we know today
in having their hereditary information stored in RNA rather than in DNA (Figure
6-110). Evidence that RNA arose before DNA in evolution can be found in the
chemical differences between them. Ribose, like glucose and other simple car-
bohydrates, can be formed from formaldehyde (HCHO), a simple chemical
which is readily produced in laboratory experiments that attempt to simulate
conditions on the primitive Earth. The sugar deoxyribose is harder to make, and
in present-day cells it is produced from ribose in a reaction catalyzed by a pro-
tein enzyme, suggesting that ribose predates deoxyribose in cells. Presumably,
DNA appeared on the scene later, but then proved more suitable than RNA as a
permanent repository of genetic information. In particular, the deoxyribose in
its sugar-phosphate backbone makes chains of DNA chemically more stable
than chains of RNA, so that much greater lengths of DNA can be maintained
without breakage.

The other differences between RNA and DNA—the double-helical structure
of DNA and the use of thymine rather than uracil—further enhance DNA stabil-
ity by making the many unavoidable accidents that occur to the molecule much
easier to repair, as discussed in detail in Chapter 5 (see pp. 296-297 and 300-301).

Summary

From our knowledge of present-day organisms and the molecules they contain, it
seems likely that the development of the directly autocatalytic mechanisms funda-
mental to living systems began with the evolution of families of molecules that could
catalyze their own replication. With time, a family of cooperating RNA catalysts prob-
ably developed the ability to direct the synthesis of polypeptides. DNA is likely to have
been a late addition: as the accumulation of additional protein catalysts allowed
more efficient and complex cells to evolve, the DNA double helix replaced RNA as a
more stable molecule for storing the increased amounts of genetic information
required by such cells.

Figure 6-110 The hypothesis that RNA preceded DNA and proteins in
evolution. In the earliest cells, pre-RNA molecules would have had
combined genetic, structural, and catalytic functions and RNA would have
gradually taken over these functions. In present-day cells, DNA is the
repository of genetic information, and proteins perform the vast majority
of catalytic functions in cells. RNA primarily functions today as a
go-between in protein synthesis, although it remains a catalyst for a small
number of crucial reactions.
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END-OF-CHAPTER PROBLEMS
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PROBLEMS

Which statements are true? Explain why or why not.

6-1  The consequences of errors in transcription are less
than those of errors in RNA replication.

6-2  Since introns are largely genetic “junk,” they do not
have to be removed precisely from the primary transcript
during RNA splicing.

6-3  Wobble pairing occurs between the first position in
the codon and the third position in the anticodon.

6-4  Protein enzymes are thought to greatly outnum-
ber ribozymes in modern cells because they catalyze a
much greater variety of reactions at much faster rates
than ribozymes.

Discuss the following problems.

6-5 In which direction along the template must the RNA
polymerase in Figure Q6-1 be moving to have generated the
supercoiled structures that are shown? Would you expect
supercoils to be generated if the RNA polymerase were free
to rotate about the axis of the DNA as it progressed along the
template?

RNA polymerase
W\,\'ﬂ@ci "°<-\«"<\'\.-\_x’\, @W}M ,_¢,°~
ATS Bl é\x\\mﬂ
tge s

positive supercoils negative supercoils

Figure Q6-1 Supercoils around a moving RNA polymerase (Problem
6-5).

6-6  Phosphates are attached to the CTD (C-terminal
domain) of RNA polymerasse II during transcription. What
are the various roles of RNA polymerase II CTD phosphory-
lation?

6-7 The human o-tropomyosin gene is alternatively
spliced to produce several forms of c.-tropomyosin mRNA in
various cell types (Figure Q6-2). For all forms of the mRNA,
the encoded protein sequence is the same for exons 1 and

(A) HUMAN o-TROPOMYOSIN GENE
1 4 5 6 910
B 'l I } }
L T T T T

N
i

(B) FOUR DIFFERENT SPLICE VARIANTS

A A VAV (AN

Figure Q6-2 Alternatively spliced mRNAs from the human
a-tropomyosin gene (Problem 6-7). (A) Exons in the human
a-tropomyosin gene. The locations and relative sizes of exons are
shown by the blue and red rectangles. (B) Splicing patterns for four
a-tropomyosin mRNAs. Splicing is indicated by lines connecting the
exons that are included in the mRNA.

10. Exons 2 and 3 are alternative exons used in different
mRNAs, as are exons 7 and 8. Which of the following state-
ments about exons 2 and 3 is the most accurate? Is that
statement also the most accurate one for exons 7 and 8?2
Explain your answers.

A. Exons 2 and 3 must have the same number of
nucleotides.

B. Exons 2 and 3 must each contain an integral number of
codons (that is, the number of nucleotides divided by 3 must
be an integer).

C. Exons 2 and 3 must each contain a number of
nucleotides that when divided by 3 leaves the same remain-
der (thatis, 0, 1, or 2).

6-8  After treating cells with a chemical mutagen, you iso-
late two mutants. One carries alanine and the other carries
methionine at a site in the protein that normally contains
valine (Figure Q6-3). After treating these two mutants again
with the mutagen, you isolate mutants from each that now
carry threonine at the site of the original valine (Figure
Q6-3). Assuming that all mutations involve single
nucleotide changes, deduce the codons that are used for
valine, methionine, threonine, and alanine at the affected
site. Would you expect to be able to isolate valine-to-threo-
nine mutants in one step?

first second Figure Q6-3 Two rounds of
treatmery \:eatment mutagenesis and the altered

amino acids at a single position

in a protein (Problem 6-8).

6-9  The elongation factor EF-Tu introduces two short
delays between codon-anticodon base-pairing and forma-
tion of the peptide bond. These delays increase the accuracy
of protein synthesis. Describe these delays and explain how
they improve the fidelity of translation.

6-10 Both Hsp60-like and Hsp70 molecular chaperones
share an affinity for exposed hydrophobic patches on pro-
teins, using them as indicators of incomplete folding. Why
do you suppose hydrophobic patches serve as critical sig-
nals for the folding status of a protein?

6-11 Most proteins require molecular chaperones to assist
in their correct folding. How do you suppose the chaperones
themselves manage to fold correctly?

6-12 What is so special about RNA that makes it such an
attractive evolutionary precursor to DNA and protein? What
is it about DNA that makes it a better material than RNA for
storage of genetic information?

6-13 If an RNA molecule could form a hairpin with a sym-
metric internal loop, as shown in Figure Q6-4, could the
complement of this RNA form a similar structure? If so,
would there be any regions of the two structures that are
identical? Which ones?

c-U
e Y
5'-G-C-A c-c-¢g.
m nnn mmn
3-c-G-U_ G-G-C’ Figure Q6-4 An RNA hairpin with a
A-C symmetric internal loop (Problem 6-13).
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production of glucose from amino acids and other small molecules; the set of
proteins whose production is induced includes enzymes such as tyrosine amino-
transferase, which helps to convert tyrosine to glucose. When the hormone is no
longer present, the production of these proteins drops to its normal level.

Other cell types respond to glucocorticoids differently. Fat cells, for example,
reduce the production of tyrosine aminotransferase, while some other cell types
do not respond to glucocorticoids at all. These examples illustrate a general fea-
ture of cell specialization: different cell types often respond differently to the
same extracellular signal. Underlying such adjustments that occur in response
to extracellular signals, there are features of the gene expression pattern that do
not change and give each cell type its permanently distinctive character.

Gene Expression Can Be Regulated at Many of the Steps in the
Pathway from DNA to RNA to Protein

If differences among the various cell types of an organism depend on the partic-
ular genes that the cells express, at what level is the control of gene expression
exercised? As we saw in the previous chapter, there are many steps in the path-
way leading from DNA to protein. We now know that all of them can in principle
be regulated. Thus a cell can control the proteins it makes by (1) controlling when
and how often a given gene is transcribed (transcriptional control), (2) control-
ling the splicing and processing of RNA transcripts (RNA processing control), (3)
selecting which completed mRNAs are exported from the nucleus to the cytosol
and determining where in the cytosol they are localized (RNA transport and
localization control), (4) selecting which mRNAs in the cytoplasm are translated
by ribosomes (translational control), (5) selectively destabilizing certain mRNA
molecules in the cytoplasm (mRNA degradation control), or (6) selectively acti-
vating, inactivating, degrading, or locating specific protein molecules after they
have been made (protein activity control) (Figure 7-5).

For most genes transcriptional controls are paramount. This makes sense
because, of all the possible control points illustrated in Figure 7-5, only tran-
scriptional control ensures that the cell will not synthesize superfluous interme-
diates. In the following sections we discuss the DNA and protein components
that perform this function by regulating the initiation of gene transcription. We
shall return at the end of the chapter to the many additional ways of regulating
gene expression.

Summary

The genome of a cell contains in its DNA sequence the information to make many
thousands of different protein and RNA molecules. A cell typically expresses only a
[fraction of its genes, and the different types of cells in multicellular organisms arise
because different sets of genes are expressed. Moreover, cells can change the pattern of
genes they express in response to changes in their environment, such as signals from
other cells. Although all of the steps involved in expressing a gene can in principle be
regulated, for most genes the initiation of RNA transcription is the most important
point of control.
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Figure 7-5 Six steps at which eucaryotic
gene expression can be controlled.
Controls that operate at steps 1 through
5 are discussed in this chapter. Step 6, the
regulation of protein activity, occurs
largely through covalent post-
translational modifications including
phosphorylation, acetylation, and
ubiquitylation (see Table 3-3, p. 186) and
is discussed in many chapters throughout

the book.
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Chapter 8

Manipulating Proteins,
DNA, and RNA

Progress in science is often driven by advances in technology. The entire field of
cell biology, for example, came into being when optical craftsmen learned to
grind small lenses of sufficiently high quality to observe cells and their sub-
structures. Innovations in lens grinding, rather than any conceptual or philo-
sophical advance, allowed Hooke and van Leeuwenhoek to discover a previously
unseen cellular world, where tiny creatures tumble and twirl in a small droplet
of water (Figure 8-1).

The 21st century promises to be a particularly exciting time for biology. New
methods for analyzing proteins, DNA, and RNA are fueling an information
explosion and allowing scientists to study cells and their macromolecules in pre-
viously unimagined ways. We now have access to the sequences of many billions
of nucleotides, providing the complete molecular blueprints for hundreds of
organisms—from microbes and mustard weeds to worms, flies, mice, dogs,
chimpanzees, and humans. And powerful new techniques are helping us to
decipher that information, allowing us not only to compile huge, detailed cata-
logs of genes and proteins but also to begin to unravel how these components
work together to form functional cells and organisms. The long-range goal is
nothing short of obtaining a complete understanding of what takes place inside
a cell as it responds to its environment and interacts with its neighbors. We want
to know which genes are switched on, which mRNA transcripts are present, and
which proteins are active—where they are located, with what other proteins and
other molecules they associate, and to which pathways or networks they belong.
We also want to understand how the cell successfully manages this staggering
number of variables and how it chooses among an almost unlimited number of
possibilities in performing its diverse biological tasks. Such information will per-
mit us to begin to build a framework for delineating, and eventually predicting,
how genes and proteins operate to lay the foundations for life.

In this chapter, we present some of the principal methods used to study the
molecular components of cells, particularly proteins, DNA, and RNA. We con-
sider how to separate cells of different types from tissues, how to grow cells out-
side the body, and how to disrupt cells and isolate their organelles and con-
stituent macromolecules in pure form. We also present the latest techniques
used to determine protein structure, function, and interactions, and we discuss
the breakthroughs in DNA technology that continue to revolutionize our under-
standing of cell function.

The techniques and methods described in this chapter have made possible
the discoveries that are presented throughout this book, and they are currently
being used by tens of thousands of scientists each day.

ISOLATING CELLS AND GROWING THEM IN
CULTURE

Although the organelles and large molecules in a cell can be visualized with
microscopes, understanding how these components function requires a
detailed biochemical analysis. Most biochemical procedures require that large
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Figure 8-1 Microscopic life. A sample of
“diverse animalcules” seen by van
Leeuwenhoek using his simple
microscope. (A) Bacteria seen in material
he excavated from between his teeth.
Those in fig. B he described as “swimming
first forward and then backwards” (1692).
(B) The eucaryotic green alga Volvox
(1700). (Courtesy of the John Innes
Foundation.)
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502 Chapter 8: Manipulating Proteins, DNA, and RNA

numbers of cells be physically disrupted to gain access to their components. If
the sample is a piece of tissue, composed of different types of cells, heteroge-
neous cell populations will be mixed together. To obtain as much information as
possible about the cells in a tissue, biologists have developed ways of dissociat-
ing cells from tissues and separating them according to type. These manipula-
tions result in a relatively homogeneous population of cells that can then be
analyzed—either directly or after their number has been greatly increased by
allowing the cells to proliferate in culture.

Cells Can Be Isolated from Intact Tissues

Intact tissues provide the most realistic source of material, as they represent the
actual cells found within the body. The first step in isolating individual cells is to
disrupt the extracellular matrix and cell-cell junctions that hold the cells
together. For this purpose, a tissue sample is typically treated with proteolytic
enzymes (such as trypsin and collagenase) to digest proteins in the extracellular
matrix and with agents (such as ethylenediaminetetraacetic acid, or EDTA) that
bind, or chelate, the Ca** on which cell-cell adhesion depends. The tissue can
then be teased apart into single cells by gentle agitation.

For some biochemical preparations, the protein of interest can be obtained
in sufficient quantity without having to separate the tissue or organ into cell
types. Examples include the preparation of histones from calf thymus, actin
from rabbit muscle, or tubulin from cow brain. In other cases, obtaining the
desired protein requires enrichment for a specific cell type of interest. Several
approaches are used to separate the different cell types from a mixed cell sus-
pension. The most general cell-separation technique uses an antibody coupled
to a fluorescent dye to label specific cells. An antibody is chosen that specifi-
cally binds to the surface of only one cell type in the tissue. The labeled cells can
then be separated from the unlabeled ones in an electronic fluorescence-acti-
vated cell sorter. In this remarkable machine, individual cells traveling single
file in a fine stream pass through a laser beam, and the fluorescence of each cell
is rapidly measured. A vibrating nozzle generates tiny droplets, most contain-
ing either one cell or no cells. The droplets containing a single cell are auto-
matically given a positive or a negative charge at the moment of formation,
depending on whether the cell they contain is fluorescent; they are then
deflected by a strong electric field into an appropriate container. Occasional
clumps of cells, detected by their increased light scattering, are left uncharged
and are discarded into a waste container. Such machines can accurately select
1 fluorescent cell from a pool of 1000 unlabeled cells and sort several thousand
cells each second (Figure 8-2).

Selected cells can also be obtained by carefully dissecting them from thin
tissue slices that have been prepared for microscopic examination (discussed in
Chapter 9). In one approach, a tissue section is coated with a thin plastic film
and a region containing the cells of interest is irradiated with a focused pulse
from an infrared laser. This light pulse melts a small circle of the film, binding
the cells underneath. These captured cells are then removed for further analysis.
The technique, called laser capture microdissection, can be used to separate and
analyze cells from different areas of a tumor, allowing their properties or molec-
ular composition to be compared with neighboring normal cells. A related
method uses a laser beam to directly cut out a group of cells and catapult them
into an appropriate container for future analysis (Figure 8-3).

A uniform population of cells obtained by any of these or other separation
methods can be used directly for biochemical analysis. After breaking open the
cells by mechanical disruption, detergents, and other methods, cytoplasm or
individual organelles can be extracted and then specific molecules purified.

Cells Can Be Grown in Culture

Although molecules can be extracted from whole tissues, this is often not the
most convenient source of material, requiring, for example, early-morning trips
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to a slaughterhouse. The problem is not only a question of convenience. The
livestock commonly used as organ sources are not amenable to genetic manip-
ulation. Moreover, the complexity of intact tissues and organs is an inherent dis-
advantage when trying to purify particular molecules. Cells grown in culture
provide a more homogeneous population of cells from which to extract material,
and they are also much more convenient to work with in the laboratory. Given
appropriate surroundings, most plant and animal cells can live, multiply, and
even express differentiated properties in a tissue-culture dish. The cells can be
watched continuously under the microscope or analyzed biochemically, and the
effects of adding or removing specific molecules, such as hormones or growth
factors, can be systematically explored. In addition, by mixing two cell types, the
interactions between one cell type and another can be studied.

Experiments performed on cultured cells are sometimes said to be carried
out in vitro (literally, “in glass”) to contrast them with experiments using intact
organisms, which are said to be carried out in vivo (literally, “in the living organ-
ism”). These terms can be confusing, however, because they are often used in a
very different sense by biochemists. In the biochemistry lab, in vitro refers to
reactions carried out in a test tube in the absence of living cells, whereas in vivo
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Figure 8-2 A fluorescence-activated cell
sorter. A cell passing through the laser
beam is monitored for fluorescence.
Droplets containing single cells are given
a negative or positive charge, depending
on whether the cell is fluorescent or not.
The droplets are then deflected by an
electric field into collection tubes
according to their charge. Note that the
cell concentration must be adjusted so
that most droplets contain no cells and
flow to a waste container together with
any cell clumps.

Figure 8-3 Microdissection techniques
to select cells from tissue slices. This
method uses a laser beam to excise a
region of interest and eject it into a
container, and it permits the isolation of
even a single cell from a tissue sample.
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Figure 8-4 Light micrographs of cells in culture. (A) Mouse fibroblasts.

(B) Chick myoblasts fusing to form multinucleate muscle cells. (C) Purified rat
retinal ganglion nerve cells. (D) Tobacco cells in liquid culture. (A, courtesy of
Daniel Zicha; B, courtesy of Rosalind Zalin; C, from A. Meyer-Franke et al.,
Neuron 15:805-819, 1995. With permission from Elsevier; D, courtesy of
Gethin Roberts.)

refers to any reaction taking place inside a living cell, even if that cell is growing
in culture.

Tissue culture began in 1907 with an experiment designed to settle a con-
troversy in neurobiology. The hypothesis under examination was known as the
neuronal doctrine, which states that each nerve fiber is the outgrowth of a sin-
gle nerve cell and not the product of the fusion of many cells. To test this con-
tention, small pieces of spinal cord were placed on clotted tissue fluid in a warm,
moist chamber and observed at regular intervals under the microscope. After a
day or so, individual nerve cells could be seen extending long, thin filaments
(axons) into the clot. Thus, the neuronal doctrine received strong support, and
the foundation was laid for the cell-culture revolution.

These original experiments on nerve fibers used cultures of small tissue
fragments called explants. Today, cultures are more commonly made from sus-
pensions of cells dissociated from tissues using the methods described earlier.
Unlike bacteria, most tissue cells are not adapted to living suspended in fluid
and require a solid surface on which to grow and divide. For cell cultures, this
support is usually provided by the surface of a plastic tissue-culture dish. Cells
vary in their requirements, however, and many do not proliferate or differentiate
unless the culture dish is coated with materials that cells like to adhere to, such
as polylysine or extracellular matrix components.

Cultures prepared directly from the tissues of an organism are called pri-
mary cultures. These can be made with or without an initial fractionation step to
separate different cell types. In most cases, cells in primary cultures can be
removed from the culture dish and recultured repeatedly in so-called secondary
cultures; in this way, they can be repeatedly subcultured (passaged) for weeks or
months. Such cells often display many of the differentiated properties appropri-
ate to their origin (Figure 8-4): fibroblasts continue to secrete collagen; cells
derived from embryonic skeletal muscle fuse to form muscle fibers that contract
spontaneously in the culture dish; nerve cells extend axons that are electrically
excitable and make synapses with other nerve cells; and epithelial cells form
extensive sheets with many of the properties of an intact epithelium. Because
these properties are maintained in culture, they are accessible to study in ways
that are often not possible in intact tissues.

Cell culture is not limited to animal cells. When a piece of plant tissue is cul-
tured in a sterile medium containing nutrients and appropriate growth regula-
tors, many of the cells are stimulated to proliferate indefinitely in a disorganized
manner, producing a mass of relatively undifferentiated cells called a callus. If
the nutrients and growth regulators are carefully manipulated, one can induce
the formation of a shoot and then root apical meristems within the callus, and,
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in many species, regenerate a whole new plant. Similar to animal cells, callus
cultures can be mechanically dissociated into single cells, which will grow and
divide as a suspension culture (see Figure 8-4D).

Eucaryotic Cell Lines Are a Widely Used Source of Homogeneous
Cells

The cell cultures obtained by disrupting tissues tend to suffer from a problem—
eventually the cells die. Most vertebrate cells stop dividing after a finite number
of cell divisions in culture, a process called replicative cell senescence (discussed
in Chapter 17). Normal human fibroblasts, for example, typically divide only
25-40 times in culture before they stop. In these cells, the limited proliferation
capacity reflects a progressive shortening and uncapping of the cell’s telomeres,
the repetitive DNA sequences and associated proteins that cap the ends of each
chomosome (discussed in Chapter 5). Human somatic cells in the body have
turned off production of the enzyme, called telomerase, that normally maintains
the telomeres, which is why their telomeres shorten with each cell division.
Human fibroblasts can often be coaxed to proliferate indefinitely by providing
them with the gene that encodes the catalytic subunit of telomerase; in this case,
they can be propagated as an “immortalized” cell line.

Some human cells, however, cannot be immortalized by this trick. Although
their telomeres remain long, they still stop dividing after a limited number of
divisions because the culture conditions eventually activate cell-cycle check-
point mechanisms (discussed in Chapter 17) that arrest the cell cycle—a process
sometimes called “culture shock.” In order to immortalize these cells, one has to
do more than introduce telomerase. One must also inactivate the checkpoint
mechanisms. This can be done by introducing certain cancer-promoting onco-
genes, such as those derived from tumor viruses (discussed in Chapter 20).
Unlike human cells, most rodent cells do not turn off production of telomerase
and therefore their telomeres do not shorten with each cell division. Therefore,
if culture shock can be avoided, some rodent cell types will divide indefinitely in
culture. In addition, rodent cells often undergo genetic changes in culture that
inactivate their checkpoint mechanisms, thereby spontaneously producing
immortalized cell lines.

Cell lines can often be most easily generated from cancer cells, but these cul-
tures differ from those prepared from normal cells in several ways, and are
referred to as transformed cell lines. Transformed cell lines often grow without
attaching to a surface, for example, and they can proliferate to a much higher
density in a culture dish. Similar properties can be induced experimentally in
normal cells by transforming them with a tumor-inducing virus or chemical.
The resulting transformed cell lines can usually cause tumors if injected into a
susceptible animal (although it is usually only a small subpopulation, called
cancer stem cells, that can do so—discussed in Chapter 20).

Both transformed and nontransformed cell lines are extremely useful in cell
research as sources of very large numbers of cells of a uniform type, especially
since they can be stored in liquid nitrogen at —196°C for an indefinite period and
retain their viability when thawed. It is important to keep in mind, however, that
the cells in both types of cell lines nearly always differ in important ways from
their normal progenitors in the tissues from which they were derived.

Some widely used cell lines are listed in Table 8-1. Different lines have differ-
ent advantages; for example, the PtK epithelial cell lines derived from the rat kan-
garoo, unlike many other cell lines which round up during mitosis, remain flat
during mitosis, allowing the mitotic apparatus to be readily observed in action.

Embryonic Stem Cells Could Revolutionize Medicine

Among the most promising cell lines to be developed—from a medical point of
view—are embryonic stem (ES) cells. These remarkable cells, first harvested
from the inner cell mass of the early mouse embryo, can proliferate indefinitely
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Table 8-1 Some Commonly Used Cell Lines

3T3 fibroblast (mouse)
BHK21 fibroblast (Syrian hamster)

MDCK epithelial cell (dog)

Hela epithelial cell (human)

PtK1 epithelial cell (rat kangaroo)

L6 myoblast (rat)

PC12 chromaffin cell (rat)

SP2 plasma cell (mouse)

COS kidney (monkey)

293 kidney (human); transformed with adenovirus
CHO ovary (Chinese hamster)

DT40 lymphoma cell for efficient targeted recombination (chick)
R1 embryonic stem cell (mouse)

E14.1 embryonic stem cell (mouse)

H1, H9 embryonic stem cell (human)

S2 macrophage-like cell (Drosophila)

BY2 undifferentiated meristematic cell (tobacco)

*Many of these cell lines were derived from tumors. All of them are capable of indefinite replication
in culture and express at least some of the special characteristics of their cell’s of origin.

in culture and yet retain an unrestricted developmental potential. If the cells
from the culture dish are put back into an early embryonic environment, they
can give rise to all the cell types in the body, including germ cells (Figure 8-5).
Their descendants in the embryo are able to integrate perfectly into whatever
site they come to occupy, adopting the character and behavior that normal cells
would show at that site.

Cells with properties similar to those of mouse ES cells can now be derived
from early human embryos, creating a potentially inexhaustible supply of cells
that might be used to replace and repair damaged mature human tissue. Exper-
iments in mice suggest that it may be possible, in the future, to use ES cells to
produce specialized cells for therapy—to replace the skeletal muscle fibers that
degenerate in victims of muscular dystrophy, the nerve cells that die in patients
with Parkinson’s disease, the insulin-secreting cells that are destroyed in type I
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Figure 8-5 Embryonic stem (ES) cells
derived from an embryo. These cultured
cells can give rise to all of the cell types
of the body. ES cells are harvested from
the inner cell mass of an early embryo
and can be maintained indefinitely as
stem cells (discussed in Chapter 23) in
culture. If they are put back into an
embryo, they will integrate perfectly and
differentiate to suit whatever
environment they find themselves. The
cells can also be kept in culture as an
immortal cell ling; they can then be
supplied with different hormones or
growth factors to encourage them to
differentiate into specific cell types.
(Based on E. Fuchs and J.A. Segré, Cell
100:143-155, 2000. With permission
from Elsevier.)
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diabetics, and the cardiac muscle cells that die during a heart attack. Perhaps one
day it may even become possible to grow entire organs from ES cells by a recapit-
ulation of embryonic development. It is important not to transplant ES cells by
themselves into adults, as they can produce tumors called teratomas.

There is another major problem associated with the use of ES-cell-derived
cells for tissue repair. If the transplanted cells differ genetically from the cells of
the patient into whom they are grafted, the patient’s immune system will reject
and destroy those cells. This problem can be avoided, of course, if the cells used
for repair are derived from the patient’s own body. As discussed in Chapter 23,
many adult tissues contain stem cells dedicated to continuous production of
just one or a few specialized cell types, and a great deal of stem-cell research
aims to manipulate the behavior of these adult stem cells for use in tissue repair.

ES cell technology, however, in theory at least, also offers another way
around the problem of immune rejection, using a strategy known as “therapeu-
tic cloning,” as we explain next.

Somatic Cell Nuclear Transplantation May Provide a Way to
Generate Personalized Stem Cells

The term “cloning” has been used in confusing ways as a shorthand term for sev-
eral quite distinct types of procedures. It is important to understand the distinc-
tions, particularly in the context of public debates about the ethics of stem cell
research.

As biologists define the term, a clone is simply a set of individuals that are
genetically identical because they have descended from a single ancestor. The
simplest type of cloning is the cloning of cells. Thus, one can take a single epi-
dermal stem cell from the skin and let it grow and divide in culture to obtain a
large clone of genetically identical epidermal cells, which can, for example, be
used to help reconstruct the skin of a badly burned patient. This kind of cloning
is no more than an extension by artificial means of the processes of cell prolifer-
ation and repair that occur in a normal human body.

The cloning of entire multicellular animals, called reproductive cloning, is a
very different enterprise, involving a far more radical departure from the ordi-
nary course of nature. Normally, each individual animal has both a mother and
a father, and is not genetically identical to either of them. In reproductive
cloning, the need for two parents and sexual union is bypassed. For mammals,
this difficult feat has been achieved in sheep and some other domestic animals
by somatic cell nuclear transplantation. The procedure begins with an unfertil-
ized egg cell. The nucleus of this haploid cell is sucked out and replaced by a
nucleus from a regular diploid somatic cell. The diploid donor cell is typically
taken from a tissue of an adult individual. The hybrid cell, consisting of a diploid
donor nucleus in a host egg cytoplasm, is allowed to develop for a short while
in culture. In a small proportion of cases, this procedure can give rise to an early
embryo, which is then put into the uterus of a foster mother (Figure 8-6). If the
experimenter is lucky, development continues like that of a normal embryo,
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Figure 8-6 Reproductive and
therapeutic cloning. Cells from adult
tissue can be used for reproductive
cloning or for generating personalized
ES cells (so-called therapeutic cloning).
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giving rise, eventually, to a whole new animal. An individual produced in this
way, by reproductive cloning, should be genetically identical to the adult indi-
vidual that donated the diploid cell (except for the small amount of genetic
information in mitochondria, which is inherited solely from the egg cytoplasm).

Therapeutic cloning, which is very different from reproductive cloning,
employs the technique of somatic cell nuclear transplantation to produce per-
sonalized ES cells (see Figure 8-6). In this case, the very early embryo generated
by nuclear transplantation, consisting of about 200 cells, is not transferred to the
uterus of a foster mother. Instead, it is used as a source from which ES cells are
derived in culture, with the aim of generating various cell types that can be used
for tissue repair. Cells obtained by this route are genetically nearly identical to
the donor of the original nucleus, so they can be grafted back into the donor,
without fear of immunological rejection.

Somatic cell nuclear transfer has an additional potential benefit—for study-
ing inherited human diseases. ES cells that have received a somatic nucleus from
an individual with an inherited disorder can be used to directly study the way in
which the disease develops as the ES cells are induced to differentiate into dis-
tinct cell types. “Disease-specific” ES cells and their differentiated progeny can
also be used to study the progression of such diseases and to test and develop
new drugs to treat the disorders. These strategies are still in their infancy, and
some countries outlaw certain aspects of the research. It remains to be seen
whether human ES cells can be produced by nuclear transfer and whether
human ES cells will fulfill the great hopes that medical scientists have for them.

Hybridoma Cell Lines Are Factories That Produce Monoclonal
Antibodies

As we see throughout this book, antibodies are particularly useful tools for cell
biology. Their great specificity allows precise visualization of selected proteins
among the many thousands that each cell typically produces. Antibodies are
often produced by inoculating animals with the protein of interest and subse-
quently isolating the antibodies specific to that protein from the serum of the
animal. However, only limited quantities of antibodies can be obtained from a
single inoculated animal, and the antibodies produced will be a heterogeneous
mixture of antibodies that recognize a variety of different antigenic sites on a
macromolecule that differs from animal to animal. Moreover, antibodies spe-
cific for the antigen will constitute only a fraction of the antibodies found in the
serum. An alternative technology, which allows the production of an infinite
quantity of identical antibodies and greatly increases the specificity and conve-
nience of antibody-based methods, is the production of monoclonal antibodies
by hybridoma cell lines.

This technology, developed in 1975, has revolutionized the production of
antibodies for use as tools in cell biology, as well as for the diagnosis and treat-
ment of certain diseases, including rheumatoid arthritis and cancer. The proce-
dure requires hybrid cell technology (Figure 8-7), and it involves propagating a
clone of cells from a single antibody-secreting B lymphocyte to obtain a homo-
geneous preparation of antibodies in large quantities. B lymphocytes normally
have a limited life-span in culture, but individual antibody-producing B lym-
phocytes from an immunized mouse or rat, when fused with cells derived from
a transformed B lymphocyte cell line, can give rise to hybrids that have both the
ability to make a particular antibody and the ability to multiply indefinitely in
culture. These hybridomas are propagated as individual clones, each of which
provides a permanent and stable source of a single type of monoclonal anti-
body (Figure 8-8). Each type of monoclonal antibody recognizes a single type of
antigenic site—for example, a particular cluster of five or six amino acid side
chains on the surface of a protein. Their uniform specificity makes monoclonal
antibodies much more useful than conventional antisera for most purposes.

An important advantage of the hybridoma technique is that monoclonal
antibodies can be made against molecules that constitute only a minor compo-
nent of a complex mixture. In an ordinary antiserum made against such a mix-
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ture, the proportion of antibody molecules that recognize the minor compo-
nent would be too small to be useful. But if the B lymphocytes that produce the
various components of this antiserum are made into hybridomas, it becomes
possible to screen individual hybridoma clones from the large mixture to select
one that produces the desired type of monoclonal antibody and to propagate
the selected hybridoma indefinitely so as to produce that antibody in unlimited
quantities. In principle, therefore, a monoclonal antibody can be made against
any protein in a biological sample. Once an antibody has been made, it can be
used to localize the protein in cells and tissues, to follow its movement, and to
purify the protein to study its structure and function.
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Figure 8-7 The production of hybrid
cells. It is possible to fuse one cell with
another to form a heterocaryon, a
combined cell with two separate nuclei.
Typically, a suspension of cells is treated
with certain inactivated viruses or with
polyethylene glycol, each of which alters
the plasma membranes of cells in a way
that induces them to fuse. Eventually, a
heterocaryon proceeds to mitosis and
produces a hybrid cell in which the two
separate nuclear envelopes have been
disassembled, allowing all the
chromosomes to be brought together in
a single large nucleus. Such hybrid cells
can give rise to immortal hybrid cell lines.
If one of the parent cells was from a
tumor cell line, the hybrid cell is called a
hybridoma.

Figure 8-8 Preparation of hybridomas
that secrete monoclonal antibodies
against a particular antigen. Here, the
antigen of interest is designated as
“antigen X! The selective growth
medium used after the cell fusion step
contains an inhibitor (aminopterin) that
blocks the normal biosynthetic pathways
by which nucleotides are made. The cells
must therefore use a bypass pathway to
synthesize their nucleic acids. This
pathway is defective in the mutant cell
line derived from the B cell tumor, but it
is intact in the normal cells obtained from
the immunized mouse. Because neither
cell type used for the initial fusion can
survive and proliferate on its own, only
the hybridoma cells do so.
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510 Chapter 8: Manipulating Proteins, DNA, and RNA

Summary

Tissues can be dissociated into their component cells, from which individual cell types
can be purified and used for biochemical analysis or for the establishment of cell cul-
tures. Many animal and plant cells survive and proliferate in a culture dish if they are
provided with a suitable culture medium containing nutrients and appropriate signal
molecules. Although many animal cells stop dividing after a finite number of cell divi-
sions, cells that have been immortalized through spontaneous mutations or genetic
manipulation can be maintained indefinitely as cell lines. Embryonic stem cells can
proliferate indefinitely in a culture dish, while retaining the ability to differentiate into
all the different cell types of the body. They therefore hold great medical promise.
Hybridoma cells are widely employed to produce unlimited quantities of uniform
monoclonal antibodies, which are used to detect and purify cell proteins, as well as to
diagnose and treat diseases.

PURIFYING PROTEINS

The challenge of isolating a single type of protein from the thousands of other
proteins present in a cell is a formidable one, but must be overcome in order to
study protein function in vitro. As we shall see later in this chapter, recombinant
DNA technology can enormously simplify this task by “tricking” cells into pro-
ducing large quantities of a given protein, thereby making its purification much
easier. Whether the source of the protein is an engineered cell or a natural tissue,
a purification procedure usually starts with subcellular fractionation to reduce
the complexity of the material, and is then followed by purification steps of
increasing specificity.

Cells Can Be Separated into Their Component Fractions

In order to purify a protein, it must first be extracted from inside the cell. Cells
can be broken up in various ways: they can be subjected to osmotic shock or
ultrasonic vibration, forced through a small orifice, or ground up in a blender.
These procedures break many of the membranes of the cell (including the
plasma membrane and endoplasmic reticulum) into fragments that immedi-
ately reseal to form small closed vesicles. If carefully carried out, however, the
disruption procedures leave organelles such as nuclei, mitochondria, the Golgi
apparatus, lysosomes, and peroxisomes largely intact. The suspension of cells is
thereby reduced to a thick slurry (called a homogenate or extract) that contains
a variety of membrane-enclosed organelles, each with a distinctive size, charge,
and density. Provided that the homogenization medium has been carefully cho-
sen (by trial and error for each organelle), the various components—including
the vesicles derived from the endoplasmic reticulum, called microsomes—
retain most of their original biochemical properties.

The different components of the homogenate must then be separated. Such
cell fractionations became possible only after the commercial development in
the early 1940s of an instrument known as the preparative ultracentrifuge, which
rotates extracts of broken cells at high speeds (Figure 8-9). This treatment sep-
arates cell components by size and density: in general, the largest units experi-
ence the largest centrifugal force and move the most rapidly. At relatively low
speed, large components such as nuclei sediment to form a pellet at the bottom
of the centrifuge tube; at slightly higher speed, a pellet of mitochondria is
deposited; and at even higher speeds and with longer periods of centrifugation,
first the small closed vesicles and then the ribosomes can be collected (Figure
8-10). All of these fractions are impure, but many of the contaminants can be
removed by resuspending the pellet and repeating the centrifugation procedure
several times.

Centrifugation is the first step in most fractionations, but it separates only
components that differ greatly in size. A finer degree of separation can be achieved
by layering the homogenate in a thin band on top of a dilute salt solution that fills
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Figure 8-9 The preparative
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ultracentrifuge. The sample is contained
in tubes that are inserted into a ring of
cylindrical holes in a metal rotor. Rapid
rotation of the rotor generates enormous
centrifugal forces, which cause particles
in the sample to sediment. The vacuum
reduces friction, preventing heating of
the rotor and allowing the refrigeration
system to maintain the sample at 4°C.
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Figure 8-10 Cell fractionation by centrifugation. Repeated centrifugation
at progressively higher speeds will fractionate homogenates of cells into
their components. In general, the smaller the subcellular component, the
greater is the centrifugal force required to sediment it. Typical values for
the various centrifugation steps referred to in the figure are:

low speed: 1000 times gravity for 10 minutes

medium speed: 20,000 times gravity for 20 minutes

high speed: 80,000 times gravity for 1 hour

very high speed: 150,000 times gravity for 3 hours

a centrifuge tube. When centrifuged, the various components in the mixture
move as a series of distinct bands through the salt solution, each at a different
rate, in a process called velocity sedimentation (Figure 8-11A). For the procedure
to work effectively, the bands must be protected from convective mixing, which
would normally occur whenever a denser solution (for example, one containing
organelles) finds itself on top of a lighter one (the salt solution). This is achieved
by augmenting the solution in the tube with a shallow gradient of sucrose pre-
pared by a special mixing device. The resulting density gradient—with the dense
end at the bottom of the tube—keeps each region of the salt solution denser
than any solution above it, and it thereby prevents convective mixing from dis-
torting the separation.

When sedimented through such dilute sucrose gradients, different cell
components separate into distinct bands that can be collected individually. The
relative rate at which each component sediments depends primarily on its size
and shape—normally being described in terms of its sedimentation coefficient,
or S value. Present-day ultracentrifuges rotate at speeds of up to 80,000 rpm
and produce forces as high as 500,000 times gravity. These enormous forces
drive even small macromolecules, such as tRNA molecules and simple
enzymes, to sediment at an appreciable rate and allow them to be separated
from one another by size.

The ultracentrifuge is also used to separate cell components on the basis of
their buoyant density, independently of their size and shape. In this case the
sample is sedimented through a steep density gradient that contains a very high
concentration of sucrose or cesium chloride. Each cell component begins to
move down the gradient as in Figure 8-11A, but it eventually reaches a position
where the density of the solution is equal to its own density. At this point the
component floats and can move no farther. A series of distinct bands is thereby
produced in the centrifuge tube, with the bands closest to the bottom of the tube
containing the components of highest buoyant density (Figure 8-11B). This
method, called equilibrium sedimentation, is so sensitive that it can separate
macromolecules that have incorporated heavy isotopes, such as 13C or 1°N, from
the same macromolecules that contain the lighter, common isotopes (}2C or
14N). In fact, the cesium-chloride method was developed in 1957 to separate the
labeled from the unlabeled DNA produced after exposure of a growing popula-
tion of bacteria to nucleotide precursors containing 1°N; this classic experiment
provided direct evidence for the semiconservative replication of DNA (see Fig-
ure 5-5).

Cell Extracts Provide Accessible Systems to Study Cell Functions

Studies of organelles and other large subcellular components isolated in the
ultracentrifuge have contributed enormously to our understanding of the func-
tions of different cell components. Experiments on mitochondria and chloro-
plasts purified by centrifugation, for example, demonstrated the central func-
tion of these organelles in converting energy into forms that the cell can use.
Similarly, resealed vesicles formed from fragments of rough and smooth endo-
plasmic reticulum (microsomes) have been separated from each other and ana-
lyzed as functional models of these compartments of the intact cell.

Similarly, highly concentrated cell extracts, especially extracts of Xenopus
laevis (African clawed frog) oocytes, have played a critical role in the study of
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such complex and highly organized processes as the cell-division cycle, the sep-
aration of chromosomes on the mitotic spindle, and the vesicular-transport
steps involved in the movement of proteins from the endoplasmic reticulum
through the Golgi apparatus to the plasma membrane.

Cell extracts also provide, in principle, the starting material for the complete
separation of all of the individual macromolecular components of the cell. We
now consider how this separation is achieved, focusing on proteins.

Proteins Can Be Separated by Chromatography

Proteins are most often fractionated by column chromatography, in which a
mixture of proteins in solution is passed through a column containing a porous
solid matrix. The different proteins are retarded to different extents by their
interaction with the matrix, and they can be collected separately as they flow out
of the bottom of the column (Figure 8-12). Depending on the choice of matrix,
proteins can be separated according to their charge (ion-exchange chromatog-
raphy), their hydrophobicity (hydrophobic chromatography), their size (gel-fil-
tration chromatography), or their ability to bind to particular small molecules or
to other macromolecules (affinity chromatography).

Many types of matrices are commercially available (Figure 8-13). Ion-
exchange columns are packed with small beads that carry either a positive or a
negative charge, so that proteins are fractionated according to the arrangement
of charges on their surface. Hydrophobic columns are packed with beads from
which hydrophobic side chains protrude, selectively retarding proteins with

Figure 8-11 Comparison of velocity
sedimentation and equilibrium
sedimentation. (A) In velocity
sedimentation, subcellular components
sediment at different speeds according to
their size and shape when layered over a
dilute solution containing sucrose. To
stabilize the sedimenting bands against
convective mixing caused by small
differences in temperature or solute
concentration, the tube contains a
continuous shallow gradient of sucrose,
which increases in concentration toward
the bottom of the tube (typically from 5%
to 20% sucrose). After centrifugation, the
different components can be collected
individually, most simply by puncturing
the plastic centrifuge tube and collecting
drops from the bottom, as illustrated
here. (B) In equilibrium sedimentation,
subcellular components move up or
down when centrifuged in a gradient
until they reach a position where their
density matches their surroundings.
Although a sucrose gradient is shown
here, denser gradients, which are
especially useful for protein and nucleic
acid separation, can be formed from
cesium chloride. The final bands, at
equilibrium, can be collected as in (A).
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exposed hydrophobic regions. Gel-filtration columns, which separate proteins
according to their size, are packed with tiny porous beads: molecules that are
small enough to enter the pores linger inside successive beads as they pass down
the column, while larger molecules remain in the solution flowing between the
beads and therefore move more rapidly, emerging from the column first. Besides
providing a means of separating molecules, gel-filtration chromatography is a
convenient way to determine their size.

Inhomogeneities in the matrices (such as cellulose), which cause an uneven
flow of solvent through the column, limit the resolution of conventional column
chromatography. Special chromatography resins (usually silica-based) com-
posed of tiny spheres (3-10 um in diameter) can be packed with a special appa-
ratus to form a uniform column bed. Such high-performance liquid chro-
matography (HPLC) columns attain a high degree of resolution. In HPLC, the
solutes equilibrate very rapidly with the interior of the tiny spheres, and so
solutes with different affinities for the matrix are efficiently separated from one
another even at very fast flow rates. HPLC is therefore the method of choice for
separating many proteins and small molecules.

Affinity Chromatography Exploits Specific Binding Sites on
Proteins

If one starts with a complex mixture of proteins, the types of column chro-
matography just discussed do not produce very highly purified fractions: a sin-
gle passage through the column generally increases the proportion of a given
protein in the mixture no more than twentyfold. Because most individual pro-
teins represent less than 1/1000 of the total cell protein, it is usually necessary to
use several different types of columns in succession to attain sufficient purity
(Figure 8-14). A more efficient procedure, known as affinity chromatography,
takes advantage of the biologically important binding interactions that occur on
protein surfaces. If a substrate molecule is covalently coupled to an inert matrix
such as a polysaccharide bead, the enzyme that operates on that substrate will
often be specifically retained by the matrix and can then be eluted (washed out)
in nearly pure form. Likewise, short DNA oligonucleotides of a specifically
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Figure 8-12 The separation of
molecules by column chromatography.
The sample, a solution containing a
mixture of different molecules, is applied
to the top of a cylindrical glass or plastic
column filled with a permeable solid
matrix, such as cellulose. A large amount
of solvent is then pumped slowly
through the column and collected in
separate tubes as it emerges from the
bottom. Because various components of
the sample travel at different rates
through the column, they are
fractionated into different tubes.
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Figure 8-13 Three types of matrices used for chromatography. (A) In ion-exchange chromatography, the insoluble matrix
carries ionic charges that retard the movement of molecules of opposite charge. Matrices used for separating proteins
include diethylaminoethylcellulose (DEAE-cellulose), which is positively charged, and carboxymethylcellulose (CM-cellulose)
and phosphocellulose, which are negatively charged. Analogous matrices based on agarose or other polymers are also
frequently used. The strength of the association between the dissolved molecules and the ion-exchange matrix depends on
both the ionic strength and the pH of the solution that is passing down the column, which may therefore be varied
systematically (as in Figure 8-14) to achieve an effective separation. (B) In gel-filtration chromatography, the matrix is inert
but porous. Molecules that are small enough to penetrate into the matrix are thereby delayed and travel more slowly
through the column than larger molecules that cannot penetrate. Beads of cross-linked polysaccharide (dextran, agarose, or
acrylamide) are available commercially in a wide range of pore sizes, making them suitable for the fractionation of
molecules of various molecular weights, from less than 500 daltons to more than 5 x 106 daltons. (C) Affinity
chromatography uses an insoluble matrix that is covalently linked to a specific ligand, such as an antibody molecule or an
enzyme substrate, that will bind a specific protein. Enzyme molecules that bind to immobilized substrates on such columns
can be eluted with a concentrated solution of the free form of the substrate molecule, while molecules that bind to
immobilized antibodies can be eluted by dissociating the antibody-antigen complex with concentrated salt solutions or
solutions of high or low pH. High degrees of purification can be achieved in a single pass through an affinity column.

designed sequence can be immobilized in this way and used to purify DNA-
binding proteins that normally recognize this sequence of nucleotides in chro-
mosomes (see Figure 7-28). Alternatively, specific antibodies can be coupled to
a matrix to purify protein molecules recognized by the antibodies. Because of
the great specificity of all such affinity columns, 1000- to 10,000-fold purifica-
tions can sometimes be achieved in a single pass.

Genetically-Engineered Tags Provide an Easy Way to Purify
Proteins

Using the recombinant DNA methods discussed in subsequent sections, any
gene can be modified to produce its protein with a special recognition tag
attached to it, so as to make subsequent purification of the protein by affinity
chromatography simple and rapid. Often the recognition tag is itself an anti-
genic determinant, or epitope, which can be recognized by a highly specific
antibody. The antibody, can then be used both to localize the protein in cells
and to purify it (Figure 8-15). Other types of tags are specifically designed for
protein purification. For example, the amino acid histidine binds to certain
metal ions, including nickel and copper. If genetic engineering techniques are
used to attach a short string of histidines to one end of a protein, the slightly
modified protein can be retained selectively on an affinity column containing
immobilized nickel ions. Metal affinity chromatography can thereby be used to
purify the modified protein from a complex molecular mixture.

In other cases, an entire protein is used as the recognition tag. When cells are
engineered to synthesize the small enzyme glutathione S-transferase (GST)
attached to a protein of interest, the resulting fusion protein can be purified from
the other contents of the cell with an affinity column containing glutathione, a
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substrate molecule that binds specifically and tightly to GST. If the purification
is carried out under conditions that do not disrupt protein—protein interactions,
the fusion protein can be isolated in association with the proteins it interacts
with inside the cell (Figure 8-16).

As a further refinement of purification methods using recognition tags, an
amino acid sequence that forms a cleavage site for a highly specific proteolytic
enzyme can be engineered between the protein of choice and the recognition
tag. Because the amino acid sequences at the cleavage site are very rarely found
by chance in proteins, the tag can later be cleaved off without destroying the
purified protein.

This type of specific cleavage is used in an especially powerful purification
methodology known as tandem affinity purification tagging (tap-tagging). Here,
one end of a protein is engineered to contain two recognition tags that are sep-
arated by a protease cleavage site. The tag on the very end of the construct is
chosen to bind irreversibly to an affinity column, allowing the column to be
washed extensively to remove all contaminating proteins. Protease cleavage
then releases the protein, which is then further purified using the second tag.

515

Figure 8-14 Protein purification by
chromatography. Typical results
obtained when three different
chromatographic steps are used in
succession to purify a protein. In this
example, a homogenate of cells was first
fractionated by allowing it to percolate
through an ion-exchange resin packed
into a column (A). The column was
washed to remove all unbound
contaminants, and the bound proteins
were then eluted by passing a solution
containing a gradually increasing
concentration of salt onto the top of the
column. Proteins with the lowest affinity
for the ion-exchange resin passed
directly through the column and were
collected in the earliest fractions eluted
from the bottom of the column. The
remaining proteins were eluted in
sequence according to their affinity for
the resin—those proteins binding most
tightly to the resin requiring the highest
concentration of salt to remove them.
The protein of interest was eluted in
several fractions and was detected by its
enzymatic activity. The fractions with
activity were pooled and then applied to
a second, gel-filtration column (B). The
elution position of the still-impure
protein was again determined by its
enzymatic activity, and the active
fractions were pooled and purified to
homogeneity on an affinity column (C)
that contained an immobilized substrate
of the enzyme. (D) Affinity purification of
cyclin-binding proteins from S. cerevisiae,
as analyzed by SDS polyacrylamide-gel
electrophoresis, which is described below
in Figure 8-18. Lane 1 is a total cell
extract; lane 2 shows the proteins eluted
from an affinity column containing cyclin
B2; lane 3 shows one major protein
eluted from a cyclin B3 affinity column.
Proteins in lanes 2 and 3 were eluted
from the affinity columns with salt, and
the gel was stained with Coomassie blue.
The scale at the left shows the molecular
weights of marker proteins, in
kilodaltons. (D, from D. Kellogg et al.,

J. Cell Biol. 130:675-685, 1995. With
permisison from The Rockefeller
University Press.)
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Figure 8-15 Epitope tagging for the localization or purification of
proteins. Using standard genetic engineering techniques, a short peptide
tag can be added to a protein of interest. If the tag is itself an antigenic
determinant, or epitope, it can be targeted by an appropriate commercially
available antibody. The antibody, suitably labeled, can be used to
determine the location of the protein in cells or to purify it by
immunoprecipitation or affinity chromatography. In immunoprecipitation,
antibodies directed against the epitope tag are added to a solution
containing the tagged protein; the antibodies specifically cross-link the
tagged protein molecules and precipitate them out of solution as
antibody-protein complexes.

Because this two-step strategy provides an especially high degree of protein
purification with relatively little effort, it is used extensively in cell biology. Thus,
for example, a set of approximately 6000 yeast strains, each with a different gene
fused to DNA that encodes a tap-tag, has been constructed to allow any yeast
protein to be rapidly purified.

Purified Cell-free Systems Are Required for the Precise Dissection
of Molecular Functions

It is important to study biological processes free from all of the complex side
reactions that occur in a living cell by using purified cell-free systems. To make
this possible, cell homogenates are fractionated with the aim of purifying each
of the individual macromolecules that are needed to catalyze a biological pro-
cess of interest. For example, the experiments to decipher the mechanisms of
protein synthesis began with a cell homogenate that could translate RNA
molecules to produce proteins. Fractionation of this homogenate, step by step,
produced in turn the ribosomes, tRNAs, and various enzymes that together con-
stitute the protein-synthetic machinery. Once individual pure components were
available, each could be added or withheld separately to define its exact role in
the overall process.

A major goal for cell biologists is the reconstitution of every biological pro-
cess in a purified cell-free system. Only in this way can one define all of the com-
ponents needed for the process and control their concentrations, as required to
work out their precise mechanism of action. Although much remains to be done,
a great deal of what we know today about the molecular biology of the cell has
been discovered by studies in such cell-free systems. They have been used, for
example, to decipher the molecular details of DNA replication and DNA tran-
scription, RNA splicing, protein translation, muscle contraction, and particle
transport along microtubules, and many other processes that occur in cells.

Summary

Populations of cells can be analyzed biochemically by disrupting them and fraction-
ating their contents, allowing functional cell-free systems to be developed. Highly
purified cell-free systems are needed for determining the molecular details of com-
plex cell processes, requiring extensive purification of all the proteins and other com-
ponents involved. The proteins in soluble cell extracts can be purified by column

Figure 8-16 Purification of protein complexes by using a GST-tagged
fusion protein. GST fusion proteins, produced in cells with recombinant
DNA techniques, can be captured on an affinity column containing beads
coated with glutathione. Proteins not bound to the beads are washed
away. The fusion protein, along with other proteins in the cell that are
bound tightly to it, can then be eluted with glutathione. The identities of
these additional proteins can be determined by mass spectrometry (see
Figure 8-21). Affinity columns can also be made to contain antibodies
against GST or another convenient small protein or epitope tag (see
Figure 8-15).
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chromatography; depending on the type of column matrix, biologically active proteins
can be separated on the basis of their molecular weight, hydrophobicity, charge char-
acteristics, or affinity for other molecules. In a typical purification, the sample is
passed through several different columns in turn—the enriched fractions obtained
from one column are applied to the next. Recombinant DNA techniques, to be
described later, allow special recognition tags to be attached to proteins, thereby greatly
simplifying their purification.

ANALYZING PROTEINS

Proteins perform most processes in cells: they catalyze metabolic reactions, use
nucleotide hydrolysis to do mechanical work, and serve as the major structural
elements of the cell. The great variety of protein structures and functions has
stimulated the development of a multitude of techniques to study them.

Proteins Can Be Separated by SDS Polyacrylamide-Gel
Electrophoresis

Proteins usually possess a net positive or negative charge, depending on the
mixture of charged amino acids they contain. An electric field applied to a solu-
tion containing a protein molecule causes the protein to migrate at a rate that
depends on its net charge and on its size and shape. The most popular applica-
tion of this property is SDS polyacrylamide-gel electrophoresis (SDS-PAGE). It
uses a highly cross-linked gel of polyacrylamide as the inert matrix through
which the proteins migrate. The gel is prepared by polymerization of monomers;
the pore size of the gel can be adjusted so that it is small enough to retard the
migration of the protein molecules of interest. The proteins themselves are not
in a simple aqueous solution but in one that includes a powerful negatively
charged detergent, sodium dodecyl sulfate, or SDS (Figure 8-17). Because this
detergent binds to hydrophobic regions of the protein molecules, causing them
to unfold into extended polypeptide chains, the individual protein molecules
are released from their associations with other proteins or lipid molecules and
rendered freely soluble in the detergent solution. In addition, a reducing agent
such as B-mercaptoethanol (see Figure 8-17) is usually added to break any S-S
linkages in the proteins, so that all of the constituent polypeptides in multisub-
unit proteins can be analyzed separately.

What happens when a mixture of SDS-solubilized proteins is run through a
slab of polyacrylamide gel? Each protein molecule binds large numbers of the
negatively charged detergent molecules, which mask the protein’s intrinsic
charge and cause it to migrate toward the positive electrode when a voltage is
applied. Proteins of the same size tend to move through the gel with similar
speeds because (1) their native structure is completely unfolded by the SDS, so
that their shapes are the same, and (2) they bind the same amount of SDS and
therefore have the same amount of negative charge. Larger proteins, with more
charge, are subjected to larger electrical forces and also to a larger drag. In free
solution, the two effects would cancel out, but, in the mesh of the polyacry-
lamide gel, which acts as a molecular sieve, large proteins are retarded much
more than small ones. As a result, a complex mixture of proteins is fractionated
into a series of discrete protein bands arranged in order of molecular weight
(Figure 8-18). The major proteins are readily detected by staining the proteins
in the gel with a dye such as Coomassie blue. Even minor proteins are seen in
gels treated with a silver or gold stain, so that as little as 10 ng of protein can be
detected in a band.

SDS-PAGE is widely used because it can separate all types of proteins,
including those that are normally insoluble in water—such as the many proteins
in membranes. And because the method separates polypeptides by size, it pro-
vides information about the molecular weight and the subunit composition of
proteins. Figure 8-19 presents a photograph of a gel that has been used to ana-
lyze each of the successive stages in the purification of a protein.
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Figure 8-17 The detergent sodium
dodecyl sulfate (SDS) and the reducing
agent B-mercaptoethanol. These two
chemicals are used to solubilize proteins
for SDS polyacrylamide-gel
electrophoresis. The SDS is shown here in
its ionized form.
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(A)

sample loaded onto gel (B)
by pipette

cathode
o plastic casing

buffer

Figure 8-18 SDS polyacrylamide-gel electrophoresis (SDS-PAGE). (A) An
electrophoresis apparatus. (B) Individual polypeptide chains form a
complex with negatively charged molecules of sodium dodecyl sulfate
(SDS) and therefore migrate as a negatively charged SDS-protein complex
through a porous gel of polyacrylamide. Because the speed of migration
under these conditions is greater the smaller the polypeptide, this
technique can be used to determine the approximate molecular weight of
a polypeptide chain as well as the subunit composition of a protein. If the
protein contains a large amount of carbohydrate, however, it will move
anomalously on the gel and its apparent molecular weight estimated by
SDS-PAGE will be misleading.

Specific Proteins Can Be Detected by Blotting with Antibodies

A specific protein can be identified after its fractionation on a polyacrylamide
gel by exposing all the proteins present on the gel to a specific antibody that has
been coupled to a radioactive isotope, to an easily detectable enzyme, or to a flu-
orescent dye. For convenience, this procedure is normally carried out after
transferring (by “blotting”) all of the separated proteins present in the gel onto a
sheet of nitrocellulose paper or nylon membrane. Placing the membrane over
the gel and driving the proteins out of the gel with a strong electric field trans-
fers the protein onto the membrane. The membrane is then soaked in a solution
of labeled antibody to reveal the protein of interest. This method of detecting
proteins is called Western blotting, or immunoblotting (Figure 8-20).

Figure 8-19 Analysis of protein samples by SDS polyacrylamide-gel
electrophoresis. The photograph shows a Coomassie-stained gel that has
been used to detect the proteins present at successive stages in the
purification of an enzyme. The leftmost lane (lane 1) contains the complex
mixture of proteins in the starting cell extract, and each succeeding lane
analyzes the proteins obtained after a chromatographic fractionation of the
protein sample analyzed in the previous lane (see Figure 8-14). The same
total amount of protein (10 pg) was loaded onto the gel at the top of each
lane. Individual proteins normally appear as sharp, dye-stained bands; a band
broadens, however, when it contains too much protein. (From

T. Formosa and B.M. Alberts, J. Biol. Chem. 261:6107-6118, 1986.)
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(B)

Figure 8-20 Western blotting. All the proteins from dividing tobacco cells in culture are first separated by two-dimensional
polyacrylamide-gel electrophoresis (described in Figure 8-23). In (A), the positions of the proteins are revealed by a
sensitive protein stain. In (B), the separated proteins on an identical gel were then transferred to a sheet of nitrocellulose
and exposed to an antibody that recognizes only those proteins that are phosphorylated on threonine residues during
mitosis. The positions of the dozen or so proteins that are recognized by this antibody are revealed by an enzyme-linked
second antibody. This technique is also known as immunoblotting (or Western blotting). (From J.A. Traas et al., Plant J.
2:723-732, 1992. With permission from Blackwell Publishing.)

Mass Spectrometry Provides a Highly Sensitive Method for
Identifying Unknown Proteins

A frequent problem in cell biology and biochemistry is the identification of a
protein or collection of proteins that has been obtained by one of the purifica-
tion procedures discussed in the preceding pages (see, for example, Figure
8-16). Because the genome sequences of most common experimental organ-
isms are now known, catalogues of all the proteins produced in those organisms
are available. The task of identifying an unknown protein (or collection of
unknown proteins) thus reduces to matching some of the amino acid sequences
present in the unknown sample with known catalogued genes. This task is now
performed almost exclusively by using mass spectrometry in conjunction with
computer searches of databases.

Charged particles have very precise dynamics when subjected to electrical
and magnetic fields in a vacuum. Mass spectrometry exploits this principle to
separate ions according to their mass-to-charge ratio. It is an enormously sensi-
tive technique. It requires very little material and is capable of determining the
precise mass of intact proteins and of peptides derived from them by enzymatic
or chemical cleavage. Masses can be obtained with great accuracy, often with an
error of less than one part in a million. The most commonly used form of the
technique is called matrix-assisted laser desorption ionization—time-of-flight
spectrometry (MALDI-TOF). In this approach, the proteins in the sample are first
broken into short peptides. These peptides are mixed with an organic acid and
then dried onto a metal or ceramic slide. A laser then blasts the sample, ejecting
the peptides from the slide in the form of an ionized gas, in which each molecule
carries one or more positive charges. The ionized peptides are accelerated in an
electric field and fly toward a detector. Their mass and charge determines the
time it takes them to reach the detector: large peptides move more slowly, and
more highly charged molecules move more quickly. By analyzing those ionized
peptides that bear a single charge, the precise masses of peptides present in the
original sample can be determined. MALDI-TOF can also be used to accurately
measure the mass of intact proteins as large as 200,000 daltons. This information
is then used to search genomic databases, in which the masses of all proteins
and of all their predicted peptide fragments have been tabulated from the
genomic sequences of the organism (Figure 8-21A). An unambiguous match to
a particular open reading frame can often be made by knowing the mass of only
a few peptides derived from a given protein.

MALDI-TOF provides accurate molecular weight measurements for pro-
teins and peptides. Moreover, by employing two mass spectrometers in tandem
(an arrangement known as MS/MS), it is possible to directly determine the
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Figure 8-21 Use of mass spectrometry to identify proteins and to sequence peptides. An isolated protein is digested
with trypsin and the peptide fragments are then loaded into the mass spectrometer. Two different approaches can then be
used to identify the protein. (A) In the first method, peptide masses are measured precisely using MALDI-TOF mass

spectrometry. Sequence databases are then searched to find the gene that e

ncodes a protein whose calculated tryptic

digest profile matches these values. (B) Mass spectrometry can also be used to determine directly the amino acid sequence
of peptide fragments. In this example, tryptic peptides are first separated based on mass within a mass spectrometer. Each
peptide is then further fragmented, primarily by cleaving its peptide bonds. This treatment generates a nested set of
peptides, each differing in size by one amino acid. These fragments are fed into a second coupled mass spectrometer, and
their masses are determined. The difference in masses between two closely related peptides can be used to deduce the
“missing” amino acid. By repeated applications of this procedure, a partial amino acid sequence of the original protein can

be determined. For simplicity, the analysis shown begins with a single species of purified protein. In reality, mass
spectrometry is usually carried out on mixtures of proteins, such as those obtained for affinity chromatography
experiments (see Figure 8-16), and can identify all the proteins present in the mixtures. As explained in the text, mass

spectrometry can also detect post-translational modifications of proteins.

amino acid sequences of individual peptides in a complex mixture. As described
above, the protein sample is first broken down into smaller peptides, which are
separated from each other by mass spectrometry. Each peptide is then further
fragmented through collisions with high-energy gas atoms. This method of frag-
mentation preferentially cleaves the peptide bonds, generating a ladder of frag-
ments, each differing by a single amino acid. The second mass spectrometer
then separates these fragments and displays their masses. The amino acid
sequence of a peptide can then be deduced from these differences in mass (Fig-
ure 8-21B).

MS/MS is particularly useful for detecting and precisely mapping post-
translational modifications of proteins, such as phosphorylations or acetyla-
tions. Because these modifications impart a characteristic mass increase to an
amino acid, they are easily detected by mass spectrometry. As described in
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Chapter 3, proteomics, a general term that encompasses many different experi-
mental techniques, is the characterization of all proteins in the cell, including all
protein—protein interactions and all post-translational modifications. In combi-
nation with the rapid purification techniques discussed in the last section, mass
spectrometry has emerged as the most powerful method for mapping both the
post-translational modifications of a given protein and the proteins that remain
associated with it during purification.

Two-Dimensional Separation Methods are Especially Powerful

Because different proteins can have similar sizes, shapes, masses, and overall
charges, most separation techniques such as SDS polyacrylamide-gel elec-
trophoresis or ion-exchange chromatography cannot typically display all the
proteins in a cell or even in an organelle. In contrast, two-dimensional gel elec-
trophoresis, which combines two different separation procedures, can resolve
up to 2000 proteins—the total number of different proteins in a simple bac-
terium—in the form of a two-dimensional protein map.

In the first step, the proteins are separated by their intrinsic charges. The
sample is dissolved in a small volume of a solution containing a nonionic
(uncharged) detergent, together with B-mercaptoethanol and the denaturing
reagent urea. This solution solubilizes, denatures, and dissociates all the
polypeptide chains but leaves their intrinsic charge unchanged. The polypep-
tide chains are then separated in a pH gradient by a procedure called isoelectric
focusing, which takes advantage of the variation in the net charge on a protein
molecule with the pH of its surrounding solution. Every protein has a character-
istic isoelectric point, the pH at which the protein has no net charge and there-
fore does not migrate in an electric field. In isoelectric focusing, proteins are
separated electrophoretically in a narrow tube of polyacrylamide gel in which a
gradient of pH is established by a mixture of special buffers. Each protein moves
to a position in the gradient that corresponds to its isoelectric point and remains
there (Figure 8-22). This is the first dimension of two-dimensional polyacry-
lamide-gel electrophoresis.

In the second step, the narrow gel containing the separated proteins is again
subjected to electrophoresis but in a direction that is at a right angle to the direc-
tion used in the first step. This time SDS is added, and the proteins separate
according to their size, as in one-dimensional SDS-PAGE: the original narrow gel
is soaked in SDS and then placed on one edge of an SDS polyacrylamide-gel slab,
through which each polypeptide chain migrates to form a discrete spot. This is
the second dimension of two-dimensional polyacrylamide-gel electrophoresis.
The only proteins left unresolved are those that have both identical sizes and
identical isoelectric points, a relatively rare situation. Even trace amounts of each
polypeptide chain can be detected on the gel by various staining procedures—or
by autoradiography if the protein sample was initially labeled with a radioisotope
(Figure 8-23). The technique has such great resolving power that it can distin-
guish between two proteins that differ in only a single charged amino acid.

© © ©
at low pH,
4r the protein
is positively
= 5F charged
S
T 6 at the isoelectric
S point, the protein
:? 7F - has no net charge
Q and therefore no
% 8 longer migrates in
I the electric field;
7 )
9F at high pH, for the protein
the pgrotF:ein shown the
10F is negatively !soelectrlc pH
charged is 6.5
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Figure 8-22 Separation of protein
molecules by isoelectric focusing. At low
pH (high H* concentration), the
carboxylic acid groups of proteins tend to
be uncharged (-COOH) and their
nitrogen-containing basic groups fully
charged (for example, -NH3%), giving
most proteins a net positive charge. At
high pH, the carboxylic acid groups are
negatively charged (-COO~) and the basic
groups tend to be uncharged (for
example, —=NH>), giving most proteins a
net negative charge. At its isoelectric pH,

a protein has no net charge since the
positive and negative charges balance.
Thus, when a tube containing a fixed pH
gradient is subjected to a strong electric
field in the appropriate direction, each
protein species present migrates until it
forms a sharp band at its isoelectric pH,
as shown.
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A different, even more powerful, “two-dimensional” technique is now avail-
able when the aim is to determine all of the proteins present in an organelle or
another complex mixture of proteins. Because the technique relies on mass
spectroscopy, it requires that the proteins be from an organism with a com-
pletely sequenced genome. First, the mixture of proteins present is digested
with trypsin to produce short peptides. Next, these peptides are separated by a
series of automated liquid chromatography steps. As the second dimension,
each separated peptide is fed directly into a tandem mass spectrometer
(MS/MS) that allows its amino acid sequence, as well as any post-translational
modifications, to be determined. This arrangement, in which a tandem mass
spectrometer (MS/MS) is attached to the output of an automated liquid chro-
matography (LC) system, is referred to as LC-MS/MS. It is now becoming rou-
tine to subject an entire organelle preparation to LC-MS/MS analysis and to
identify hundreds of proteins and their modifications. Of course, no organelle
isolation procedure is perfect, and some of the proteins identified will be con-
taminating proteins. These can often be excluded by analyzing neighboring
fractions from the organelle purification and “subtracting” them out from the
peak organelle fractions.

Hydrodynamic Measurements Reveal the Size and Shape of a
Protein Complex

Most proteins in a cell act as part of larger complexes, and knowledge of the size
and shape of these complexes often leads to insights regarding their function.
This information can be obtained in several important ways. Sometimes, a com-
plex can be directly visualized using electron microscopy, as described in Chap-
ter 9. A complementary approach relies on the hydrodynamic properties of a
complex, that is, its behavior as it moves through a liquid medium. Usually, two
separate measurements are made. One measure is the velocity of a complex as it
moves under the influence of a centrifugal field produced by an ultracentrifuge
(see Figure 8-11A). The sedimentation constant (or S-value) obtained depends
on both the size and the shape of the complex and does not, by itself, convey
especially useful information. However, once a second hydrodynamic measure-
ment is performed—by charting the migration of a complex through a gel-filtra-
tion chromatography column (see Figure 8-13B)—both the approximate shape
of a complex and its molecular weight can be calculated.

Molecular weight can also be determined more directly by using an analytical
ultracentrifuge, a complex device that allows protein absorbance measurements

Figure 8-23 Two-dimensional
polyacrylamide-gel electrophoresis. All
the proteins in an E. coli bacterial cell are
separated in this gel, in which each spot
corresponds to a different polypeptide
chain. The proteins were first separated
on the basis of their isoelectric points by
isoelectric focusing from left to right.
They were then further fractionated
according to their molecular weights by
electrophoresis from top to bottom in the
presence of SDS. Note that different
proteins are present in very different
amounts. The bacteria were fed with a
mixture of radioisotope-labeled amino
acids so that all of their proteins were
radioactive and could be detected by
autoradiography (see pp. 602-603).
(Courtesy of Patrick O’Farrell.)
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to be made on a sample while it is subjected to centrifugal forces. In this
approach, the sample is centrifuged until it reaches equilibrium, where the cen-
trifugal force on a protein complex exactly balances its tendency to diffuse away.
Because this balancing point is dependent on a complex’s molecular weight but
not on its particular shape, the molecular weight can be directly calculated, as
needed to determine the stoichiometry of each protein in a protein complex.

Sets of Interacting Proteins Can Be Identified by Biochemical
Methods

Because most proteins in the cell function as part of complexes with other pro-
teins, an important way to begin to characterize the biological role of an unknown
protein is to identify all of the other proteins to which it specifically binds.

One method for identifying proteins that bind to one another tightly is co-
immunoprecipitation. In this case, an antibody recognizes a specific target pro-
tein; reagents that bind to the antibody and are coupled to a solid matrix then
drag the complex out of solution to the bottom of a test tube. If the original tar-
get protein is associated tightly enough with another protein when it is captured
by the antibody, the partner precipitates as well. This method is useful for iden-
tifying proteins that are part of a complex inside cells, including those that inter-
act only transiently—for example, when extracellular signal molecules stimulate
cells (discussed in Chapter 15). Another method frequently used to identify a
protein’s binding partners is protein affinity chromatography (see Figure 8-13C).
To employ this technique to capture interacting proteins, a target protein is
attached to polymer beads that are packed into a column. When the proteins in
a cell extract are washed through this column, those proteins that interact with
the target protein are retained by the affinity matrix. These proteins can then be
eluted and their identity determined by mass spectrometry.

In addition to capturing protein complexes on columns or in test tubes,
researchers are developing high-density protein arrays to investigate protein
interactions. These arrays, which contain thousands of different proteins or
antibodies spotted onto glass slides or immobilized in tiny wells, allow one to
examine the biochemical activities and binding profiles of a large number of
proteins at once. For example, if one incubates a fluorescently labeled protein
with arrays containing thousands of immobilized proteins, the spots that
remain fluorescent after extensive washing each contain a protein to which the
labeled protein specifically binds.

Protein-Protein Interactions Can Also Be Identified by a
Two-Hybrid Technique in Yeast

Thus far, we have emphasized biochemical approaches to the study of pro-
tein—protein interactions. However, a particularly powerful strategy, called the
two-hybrid system, relies on exploiting the cell’s own mechanisms to reveal pro-
tein—protein interactions.

The technique takes advantage of the modular nature of gene activator pro-
teins (see Figure 7-45). These proteins both bind to specific DNA sequences
and activate gene transcription, and these activities are often performed by two
separate protein domains. Using recombinant DNA techniques, two such pro-
tein domains are used to create separate “bait” and “prey” fusion proteins. To
create the “bait” fusion protein, the DNA sequence that codes for a target pro-
tein is fused with DNA that encodes the DNA-binding domain of a gene activa-
tor protein. When this construct is introduced into yeast, the cells produce the
fusion protein, with the target protein attached to this DNA-binding domain
(Figure 8-24). This fusion protein binds to the regulatory region of a reporter
gene, where it serves as “bait” to fish for proteins that interact with the target
protein. To search for potential binding partners (potential prey for the bait),
the candidate proteins also have to be constructed as fusion proteins: DNA
encoding the activation domain of a gene activator protein is fused to a large
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number of different genes. Members of this collection of genes—encoding
potential “prey”—are introduced individually into yeast cells containing the
bait. If the yeast cell receives a DNA clone that expresses a prey partner for the
bait protein, the two halves of a transcriptional activator are united, switching
on the reporter gene (see Figure 8-24).

This ingenious technique sounds complex, but the two-hybrid system is rel-
atively simple to use in the laboratory. Although the protein—protein interactions
occur in the yeast cell nucleus, proteins from every part of the cell and from any
organism can be studied in this way. The two-hybrid system has been scaled up
to map the interactions that occur among all of the proteins an organism pro-
duces. In this case, a set of bait and prey fusions is produced for every cell pro-
tein, and every bait/prey combination can be monitored. In this way protein
interaction maps have been generated for most of the proteins in yeast, C. ele-
gans, and Drosophila.

Combining Data Derived from Different Techniques Produces
Reliable Protein-Interaction Maps

As previously discussed in Chapter 3, extensive protein-interaction maps can be
very useful for identifying the functions of proteins (see Figure 3-82). For this rea-
son, both the two-hybrid method and the biochemical technique discussed ear-
lier known as tap-tagging (see pp. 515-516) have been automated to determine
the interactions between thousands of proteins. Unfortunately, different results
are found in different experiments, and many of the interactions detected in one
laboratory are not detected in another. Therefore, the most useful protein-inter-
action maps are those that combine data from many experiments, requiring that
each interaction in the map be confirmed by more than one technique.

Optical Methods Can Monitor Protein Interactions in Real Time

Once two proteins—or a protein and a small molecule—are known to associate,
it becomes important to characterize their interaction in more detail. Proteins
can associate with each other more or less permanently (like the subunits of
RNA polymerase or the proteosome), or engage in transient encounters that
may last only a few milliseconds (like a protein kinase and its substrate).

To understand how a protein functions inside a cell, we need to determine
how tightly it binds to other proteins, how rapidly it dissociates from them, and
how covalent modifications, small molecules, or other proteins influence these
interactions. Such studies of protein dynamics often employ optical methods.

Figure 8-24 The yeast two-hybrid
system for detecting protein-protein
interactions. The target protein is fused
to a DNA-binding domain that directs the
fusion protein to the regulatory region of
a reporter gene as “bait” When this target
protein binds to another specially
designed protein in the cell nucleus
(“prey”), their interaction brings together
two halves of a transcriptional activator,
which then switches on the expression of
the reporter gene.
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Certain amino acids (for example, tryptophan) exhibit weak fluorescence
that can be detected with sensitive fluorimeters. In many cases, the fluorescence
intensity, or the emission spectrum of fluorescent amino acids located in a pro-
tein—protein interface, will change when the proteins associate. When this
change can be detected by fluorimetry, it provides a sensitive and quantitative
measure of protein binding.

A particularly useful method for monitoring the dynamics of a protein’s
binding to other molecules is called surface plasmon resonance (SPR). The SPR
method has been used to characterize a wide variety of molecular interactions,
including antibody-antigen binding, ligand-receptor coupling, and the binding
of proteins to DNA, carbohydrates, small molecules, and other proteins.

SPR detects binding interactions by monitoring the reflection of a beam of
light off the interface between an aqueous solution of potential binding
molecules and a biosensor surface carrying an immobilized bait protein. The
bait protein is attached to a very thin layer of metal that coats one side of a glass
prism (Figure 8-25). A light beam is passed through the prism; at a certain angle,
called the resonance angle, some of the energy from the light interacts with the
cloud of electrons in the metal film, generating a plasmon—an oscillation of the
electrons at right angles to the plane of the film, bouncing up and down between
its upper and lower surfaces like a weight on a spring. The plasmon, in turn, gen-
erates an electrical field that extends a short distance—about the wavelength of
the light—above and below the metal surface. Any change in the composition of
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(B) The binding of prey molecules to bait molecules increases the refractive index of the surface layer.
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the environment within the range of the electrical field will cause a measurable
change in the resonance angle.

To measure binding, a solution containing proteins (or other molecules)
that might interact with the immobilized bait protein is allowed to flow past the
biosensor surface. Proteins binding to the bait change the composition of the
molecular complexes on the metal surface, causing a change in the resonance
angle (see Figure 8-25). The changes in the resonance angle are monitored in
real time and reflect the kinetics of the association—or dissociation—of
molecules with the bait protein. The association rate (ko) is measured as the
molecules interact, and the dissociation rate (kof) is determined as buffer
washes the bound molecules from the sensor surface. A binding constant (K) is
calculated by dividing ko by kon. In addition to determining the kinetics, SPR
can be used to determine the number of molecules that are bound in each com-
plex: the magnitude of the SPR signal change is proportional to the mass of the
immobilized complex.

The SPR method is particularly useful because it requires only small amounts
of the protein, the protein does not have to be labeled in any way, and the inter-
actions of the protein with other molecules can be monitored in real time.

A third optical method for probing protein interactions uses green fluorescent
protein (discussed in detail below) and its derivatives of different colors. In this
application, two proteins of interest are each labeled with a different fluo-
rochrome, such that the emission spectrum of one fluorochrome overlaps the
absorption spectrum of the second fluorochrome. If the two proteins—and their
attached fluorochromes—come very close to each other (within about 1-10 nm),
the energy of the absorbed light is transferred from one fluorochrome to the
other. The energy transfer, called fluorescence resonance energy transfer
(FRET), is determined by illuminating the first fluorochrome and measuring
emission from the second (Figure 8-26). This technique is especially powerful
because, when combined with fluorescence microscopy, it can be used to char-
acterize protein-protein interactions at specific locations inside living cells.

Some Techniques Can Monitor Single Molecules

The biochemical methods described so far in this chapter are used to study large
populations of molecules, a limitation that reflects the small size of typical bio-
logical molecules relative to the sensitivity of the methods to detect them. How-
ever, the recent development of highly sensitive and precise measurement
methods has created a new branch of biophysics—the study of single molecules.
Single-molecule studies are particularly important in cell biology because many
processes rely on the activities of only a few critical molecules in the cell.
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Figure 8-26 Fluorescence resonance
energy transfer (FRET). To determine
whether (and when) two proteins
interact inside a cell, the proteins are first
produced as fusion proteins attached to
different color variants of green
fluorescent protein (GFP). (A) In this
example, protein X is coupled to a blue
fluorescent protein, which is excited by
violet light (370-440 nm) and emits blue
light (440-480 nm); protein Y is coupled
to a green fluorescent protein, which is
excited by blue light and emits green
light (510 nm). (B) If protein X and Y do
not interact, illuminating the sample with
violet light yields fluorescence from the
blue fluorescent protein only. (C) When
protein X and protein Y interact, FRET can
now occur. llluminating the sample with
violet light excites the blue fluorescent
protein, whose emission in turn excites
the green fluorescent protein, resulting in
an emission of green light. The
fluorochromes must be quite close
together—within about 1-10 nm of one
another—for FRET to occur. Because not
every molecule of protein X and protein Y
is bound at all times, some blue light may
still be detected. But as the two proteins
begin to interact, emission from the
donor GFP falls as the emission from the
acceptor GFP rises.
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The first example of a technique for studying the function of single protein
molecules was the use of a patch electrode to measure current flow through sin-
gle ion channels (see Figure 11-33). Another approach is to attach the protein to
a larger structure, such as a polystyrene bead, which can then be observed by
conventional microscopy. This strategy has been particularly useful in measuring
the movements of motor proteins. For example, molecules of the motor protein
kinesin (discussed in Chapter 16) can be attached to a bead, and by observing the
kinesin-attached bead moving along a microtubule, the step size of the motor
(that is, the distance moved for each ATP molecule hydrolyzed) can be measured.
As we will see in Chapter 9, optical microscopes have a limited resolution due to
the diffraction of light, but computational and optical methods can be used to
determine the position of a bead to a much finer precision than the resolution
limit of the microscope. Using such techniques, extremely small movements—on
the order of nanometers—can easily be detected and quantified.

Another advantage of attaching molecules to large beads is that these beads
can serve as “handles” by which the molecules can be manipulated. This allows
forces to be applied to the molecules, and their response observed. For example,
the speed or step size of a motor can be measured as a function of the force it is
pulling against. As discussed in the next chapter, a focused laser beam can be
used as “optical tweezers” to generate a mechanical force on a bead, allowing
motor proteins to be studied under an applied force (see Figure 9-35). <CGCG>
Beads can also be manipulated using magnetic fields, a technology known as
“magnetic tweezers.” If multiple beads are present in a magnetic field, they will
all experience the same force, potentially allowing large numbers of beads to be
manipulated in parallel in a single experiment.

While beads can be used as markers to track protein movements, it is clearly
preferable to be able to visualize the proteins themselves. In the next chapter, we
shall see that recent refinements in microscopy have now made this possible.

Protein Function Can Be Selectively Disrupted With Small
Molecules

Chemical inhibitors have contributed to the development of cell biology. For
example, the microtubule inhibitor colchicine is routinely used to test whether
microtubules are required for a given biological process; it also led to the first
purification of tubulin several decades ago. In the past, these small molecules
were usually natural products; that is, they were synthesized by living creatures.
Although, as a whole, natural products have been extraordinarily useful in science
and medicine (see, for example, Table 6-4, p. 385), they acted on a limited number
of biological processes. However, the recent development of methods to synthe-
size hundreds of thousands of small molecules and to carry out large-scale auto-
mated screens holds the promise of identifying chemical inhibitors for virtually
any biological process. In such approaches, large collections of small chemical
compounds are simultaneously tested, either on living cells or in cell-free assays.
Once an inhibitor is identified, it can be used as a probe to identify, through affin-
ity chromatography (see Figure 8-13C) or other means, the protein to which the
inhibitor binds. This general strategy, often called chemical biology, has success-
fully identified inhibitors of many proteins that carry out key processes in cell biol-
ogy. The kinesin protein that functions in mitosis, for example, was identified by
this method (Figure 8-27). Chemical inhibitors give the cell biologist great control
over the timing of inhibition, as drugs can be rapidly added to or removed from
cells, allowing protein function to be switched on or off quickly.

Protein Structure Can Be Determined Using X-Ray Diffraction

The main technique that has been used to discover the three-dimensional struc-
ture of molecules, including proteins, at atomic resolution is x-ray crystallogra-
phy. X-rays, like light, are a form of electromagnetic radiation, but they have a
much shorter wavelength, typically around 0.1 nm (the diameter of a hydrogen
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Figure 8-27 Small-molecule inhibitors
for manipulating living cells.

(A) Chemical structure of monastrol, a
kinesin inhibitor identified in a large-
scale screen for small molecules that
disrupt mitosis. (B) Normal mitotic
spindle seen in an untreated cell. The
microtubules are stained green and
chromosomes blue. (C) Monopolar
spindle that forms in cells treated with
monastrol. (B and C, from T.U. Mayer et
al., Science 286:971-974, 1999. With
permission from AAAS.)
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x-ray diffraction pattern
obtained from the protein crystal

diffracted beams

protein crystal

beam of x-rays

X-ray source

(A)

Figure 8-28 X-ray crystallography. (A) A narrow parallel beam of x-rays is
directed at a well-ordered crystal (B). Shown here is a protein crystal of ribulose
bisphosphate carboxylase, an enzyme with a central role in CO; fixation during
photosynthesis. The atoms in the crystal scatter some of the beam, and the
scattered waves reinforce one another at certain points and appear as a pattern
of diffraction spots (C). This diffraction pattern, together with the amino acid
sequence of the protein, can be used to produce an atomic model (D). The
complete atomic model is hard to interpret, but this simplified version, derived
from the x-ray diffraction data, shows the protein’s structural features clearly (o
helices, green; B strands, red). The components pictured in A to D are not shown
to scale. (B, courtesy of C. Branden; C, courtesy of J. Hajdu and I. Andersson;

D, adapted from original provided by B. Furugren.)

(9}

atom). If a narrow parallel beam of x-rays is directed at a sample of a pure pro-
tein, most of the x-rays pass straight through it. A small fraction, however, are
scattered by the atoms in the sample. If the sample is a well-ordered crystal, the
scattered waves reinforce one another at certain points and appear as diffraction
spots when recorded by a suitable detector (Figure 8-28).

The position and intensity of each spot in the x-ray diffraction pattern con-
tain information about the locations of the atoms in the crystal that gave rise to
it. Deducing the three-dimensional structure of a large molecule from the
diffraction pattern of its crystal is a complex task and was not achieved for a pro-
tein molecule until 1960. But in recent years x-ray diffraction analysis has
become increasingly automated, and now the slowest step is likely to be the gen-
eration of suitable protein crystals. This step requires large amounts of very pure
protein and often involves years of trial and error to discover the proper crystal-
lization conditions; the pace has greatly accelerated with the use of recombinant
DNA techniques to produce pure proteins and robotic techniques to test large
numbers of crystallization conditions.

Analysis of the resulting diffraction pattern produces a complex three-
dimensional electron-density map. Interpreting this map—translating its con-
tours into a three-dimensional structure—is a complicated procedure that
requires knowledge of the amino acid sequence of the protein. Largely by trial
and error, the sequence and the electron-density map are correlated by com-
puter to give the best possible fit. The reliability of the final atomic model
depends on the resolution of the original crystallographic data: 0.5 nm resolu-
tion might produce a low-resolution map of the polypeptide backbone, whereas
aresolution of 0.15 nm allows all of the non-hydrogen atoms in the molecule to
be reliably positioned.

A complete atomic model is often too complex to appreciate directly, but
simplified versions that show a protein’s essential structural features can be
readily derived from it (see Panel 3-2, pp. 132-133). The three-dimensional

LCY Biotechnology Holding, Inc.
Ex. 1008
Page 186 of 240



ANALYZING PROTEINS

structures of about 20,000 different proteins have now been determined by x-ray
crystallography or by NMR spectroscopy (see below)—enough to begin to see
families of common structures emerging. These structures or protein folds often
seem to be more conserved in evolution than are the amino acid sequences that
form them (see Figure 3-13).

X-ray crystallographic techniques can also be applied to the study of
macromolecular complexes. In a recent triumph, the method was used to
determine the structure of the ribosome, a large and complex machine made
of several RNAs and more than 50 proteins (see Figure 6-64). The determina-
tion required the use of a synchrotron, a radiation source that generates x-rays
with the intensity needed to analyze the crystals of such large macromolecu-
lar complexes. <GGCC>

NMR Can Be Used to Determine Protein Structure in Solution

Nuclear magnetic resonance (NMR) spectroscopy has been widely used for many
years to analyze the structure of small molecules. This technique is now also
increasingly applied to the study of small proteins or protein domains. Unlike x-
ray crystallography, NMR does not depend on having a crystalline sample. It sim-
ply requires a small volume of concentrated protein solution that is placed in a
strong magnetic field; indeed, it is the main technique that yields detailed evi-
dence about the three-dimensional structure of molecules in solution.

Certain atomic nuclei, particularly hydrogen nuclei, have a magnetic
moment or spin: that is, they have an intrinsic magnetization, like a bar magnet.
The spin aligns along the strong magnetic field, but it can be changed to a mis-
aligned, excited state in response to applied radiofrequency (RF) pulses of elec-
tromagnetic radiation. When the excited hydrogen nuclei return to their aligned
state, they emit RF radiation, which can be measured and displayed as a spec-
trum. The nature of the emitted radiation depends on the environment of each
hydrogen nucleus, and if one nucleus is excited, it influences the absorption and
emission of radiation by other nuclei that lie close to it. It is consequently possi-
ble, by an ingenious elaboration of the basic NMR technique known as two-
dimensional NMR, to distinguish the signals from hydrogen nuclei in different
amino acid residues, and to identify and measure the small shifts in these signals
that occur when these hydrogen nuclei lie close enough together to interact.
Because the size of such a shift reveals the distance between the interacting pair
of hydrogen atoms, NMR can provide information about the distances between
the parts of the protein molecule. By combining this information with a knowl-
edge of the amino acid sequence, it is possible in principle to compute the three-
dimensional structure of the protein (Figure 8-29).

(A)

(B)

529

Figure 8-29 NMR spectroscopy. (A) An

example of the data from an NMR
machine. This two-dimensional NMR

spectrum is derived from the C-terminal

domain of the enzyme cellulase. The
spots represent interactions between

hydrogen atoms that are near neighbors

in the protein and hence reflect the

distance that separates them. Complex
computing methods, in conjunction with
the known amino acid sequence, enable

possible compatible structures to be

derived. (B) Ten structures of the enzyme,
which all satisfy the distance constraints
equally well, are shown superimposed on
one another, giving a good indication of

the probable three-dimensional
structure. (Courtesy of P. Kraulis.)
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For technical reasons the structure of small proteins of about 20,000 daltons
or less can be most readily determined by NMR spectroscopy. Resolution
decreases as the size of a macromolecule increases. But recent technical
advances have now pushed the limit to about 100,000 daltons, thereby making
the majority of proteins accessible for structural analysis by NMR.

Because NMR studies are performed in solution, this method also offers a
convenient means of monitoring changes in protein structure, for example dur-
ing protein folding or when the protein binds to another molecule. NMR is also
used widely to investigate molecules other than proteins and is valuable, for
example, as a method to determine the three-dimensional structures of RNA
molecules and the complex carbohydrate side chains of glycoproteins.

Some landmarks in the development of x-ray crystallography and NMR are
listed in Table 8-2.

Protein Sequence and Structure Provide Clues About Protein
Function

Having discussed methods for purifying and analyzing proteins, we now turn to
a common situation in cell and molecular biology: an investigator has identified
a gene important for a biological process but has no direct knowledge of the bio-
chemical properties of its protein product.

Thanks to the proliferation of protein and nucleic acid sequences that are
catalogued in genome databases, the function of a gene—and its encoded pro-
tein—can often be predicted by simply comparing its sequence with those of
previously characterized genes (see Figure 3-14). Because amino acid sequence

Table 8-2 Landmarks in the Development of X-ray Crystallography and NMR and Their Application to Biological Molecules

1864 Hoppe-Seyler crystallizes, and names, the protein hemoglobin.

1895 Rontgen observes that a new form of penetrating radiation, which he names x-rays, is produced when cathode rays
(electrons) hit a metal target.

1912 Von Laue obtains the first x-ray diffraction patterns by passing x-rays through a crystal of zinc sulfide.
W.L. Bragg proposes a simple relationship between an x-ray diffraction pattern and the arrangement of atoms in a
crystal that produce the pattern.

1926 Summer obtains crystals of the enzyme urease from extracts of jack beans and demonstrates that proteins possess
catalytic activity.

1931 Pauling publishes his first essays on ‘The Nature of the Chemical Bond, detailing the rules of covalent bonding.

1934 Bernal and Crowfoot present the first detailed x-ray diffraction patterns of a protein obtained from crystals of the
enzyme pepsin.

1935 Patterson develops an analytical method for determining interatomic spacings from x-ray data.

1941 Astbury obtains the first x-ray diffraction pattern of DNA.

1946 Block and Purcell describe NMR.

1951 Pauling and Corey propose the structure of a helical conformation of a chain of L-amino acids—the o helix—and the
structure of the B sheet, both of which were later found in many proteins.

1953 Watson and Crick propose the double-helix model of DNA, based on x-ray diffraction patterns obtained by Franklin
and Wilkins.

1954 Perutz and colleagues develop heavy-atom methods to solve the phase problem in protein crystallography.

1960 Kendrew describes the first detailed structure of a protein (sperm whale myoglobin) to a resolution of 0.2 nm, and
Perutz presents a lower-resolution structure of the larger protein hemoglobin.

1966 Phillips describes the structure of lysozyme, the first enzyme to have its structure analyzed in detail.

1971 Jeener proposes the use of two-dimensional NMR, and Wuthrich and colleagues first use the method to solve a protein
structure in the early 1980s.

1976 Kim and Rich and Klug and colleagues describe the detailed three-dimensional structure of tRNA determined by x-ray
diffraction.

1977-1978 Holmes and Klug determine the structure of tobacco mosaic virus (TMV), and Harrison and Rossman determine the
structure of two small spherical viruses.

1985 Michel, Deisenhofer and colleagues determine the first structure of a transmembrane protein (a bacterial reaction

center) by x-ray crystallography. Henderson and colleagues obtain the structure of bacteriorhodopsin, a
transmembrane protein, by high-resolution electron-microscopy methods between 1975 and 1990.
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score = 399 bits (1025), Expect = e-111
Identities = 198/290 (68%), Positives = 241/290 (82%), Gaps = 1/290

Query: 57 MENFQRVEKRKIGEGTYGVVYKARNKLTGEVVALRKIRLDTETEGVPSTAIREISLLKELNH 116
ME ++RVEKIGEGTYGVVYKA +K T E +ALKRKIRL+ E EGVPSTAIREISLLRE+NH
Sbjct: 1 MEQYERVEKIGEGTYGVVYKALDKATNETIALKKIRLEQEDEGVPSTAIREISLLKEMNHE 60

Query: 117 PNIVKLLDVIHTENKLYLVFEFLHODLKKFMDASALTGIPLPLIKSYLFQLLQGLAFCHS 176
NIV+L DV+H+E ++YLVFE+L DLKKFMD+ LIKSYL+Q+L G+A+CHS

Sbjct: 61° GNIVRLHDVVHSEKRIYLVFEYLDLDLKKFMDSCPEFAKNPTLIKSYLYQILHGVAYCHS 120

A 4
Query: 177 HRVLHRDLKPONLLINTE=GAIKLADFGLARAFGVPVRTYTHEVVTLWYRAPEILLGCKY 235
HRVLHRDLKPQNLLI+ A+KLADFGLARAFG+PVRT+THEVVTLWYRAPEILLG +
Sbjct: 121 HRVLHRDLRPONLLIDRRTNALKLADFGLARAFGIPVRTFTHEVVTLWYRAPEILLGARQ 180

Query: 236 YSTAVDIWSLGCIFAEMVTRRALFPGDSEIDQLFRIFRTLGTPDEVVWPGVTSMPDYRPS 295
YST VD+WS+GCIFAEMV ++ LFPGDSEID+LF+IFR LGTP+E WPGV+ +PD+K +
Sbjcts 181 YSTPVDVWSVGCIFAEMVNQKPLFPGDSEIDELFRIFRILGTPNEQSWPGVSCLPDFKTA 240

Query: 296 FPRWARODFSKVVPPLDEDGRSLLSQOMLHYDPNKRISAKAALAHPFFQDV 345
FP+W QD + VVP LD G LLS+ML Y+P+KRI+A+ AL H +F+D+
Sbjct: 241 FPRWQAQDLATVVPNLDPAGLDLLSKMLRYEPSKRITARQALEHEYFKDL 290

determines protein structure, and structure dictates biochemical function, pro-
teins that share a similar amino acid sequence usually have the same structure
and usually perform similar biochemical functions, even when they are found in
distantly related organisms. In modern cell biology, the study of a newly discov-
ered protein usually begins with a search for previously characterized proteins
that are similar in their amino acid sequences.

Searching a collection of known sequences for homologous genes or pro-
teins is typically done over the World Wide Web, and it simply involves selecting
a database and entering the desired sequence. A sequence alignment program—
the most popular are BLAST and FASTA—scans the database for similar
sequences by sliding the submitted sequence along the archived sequences
until a cluster of residues falls into full or partial alignment (Figure 8-30). The
results of even a complex search—which can be performed on either a
nucleotide or an amino acid sequence—are returned within minutes. Such com-
parisons can predict the functions of individual proteins, families of proteins, or
even most of the protein complement of a newly sequenced organism.

As was explained in Chapter 3, many proteins that adopt the same confor-
mation and have related functions are too distantly related to be identified as
clearly homologous from a comparison of their amino acid sequences alone (see
Figure 3-13). Thus, an ability to reliably predict the three dimensional structure
of a protein from its amino acid sequence would improve our ability to infer pro-
tein function from the sequence information in genomic databases. In recent
years, major progress has been made in predicting the precise structure of a pro-
tein. These predictions are based, in part, on our knowledge of tens of thousands
of protein structures that have already been determined by x-ray crystallography
and NMR spectroscopy and, in part, on computations using our knowledge of
the physical forces acting on the atoms. However, it remains a substantial and
important challenge to predict the structures of proteins that are large or have
multiple domains, or to predict structures at the very high levels of resolution
needed to assist in computer-based drug discovery.

While finding homologous sequences and structures for a new protein will
provide many clues about its function, it is usually necessary to test these
insights through direct experimentation. However, the clues generated from
sequence comparisons typically point the investigator in the correct experi-
mental direction, and their use has therefore become one of the most important
strategies in modern cell biology.

Summary

Most proteins function in concert with other proteins, and many methods exist for
identifying and studying protein—protein interactions. Small-molecule inhibitors
allow the functions of proteins they act upon to be studied in living cells. Because pro-
teins with similar structures often have similar functions, the biochemical activity of a

531

Figure 8-30 Results of a BLAST search.
Sequence databases can be searched to
find similar amino acid or nucleic acid
sequences. Here, a search for proteins
similar to the human cell-cycle regulatory
protein Cdc2 (Query) locates maize Cdc2
(Sbjct), which is 68% identical (and 82%
similar) to human Cdc2 in its amino acid
sequence. The alignment begins at residue
57 of the Query protein, suggesting that
the human protein has an N-terminal
region that is absent from the maize
protein. The green blocks indicate
differences in sequence, and the yellow bar
summarizes the similarities: when the two
amino acid sequences are identical, the
residue is shown; conservative amino acid
substitutions are indicated by a plus sign
(+). Only one small gap has been
introduced—indicated by the red arrow at
position 194 in the Query sequence—to
align the two sequences maximally. The
alignment score (Score), which is expressed
in two different types of units, takes into
account penalties for substitutions and
gaps; the higher the alignment score, the
better the match. The significance of the
alignment is reflected in the Expectation (E)
value, which specifies how often a match
this good would be expected to occur by
chance. The lower the E value, the more
significant the match; the extremely low
value here (e7'") indicates certain
significance. E values much higher than 0.1
are unlikely to reflect true relatedness. For
example, an E value of 0.1 means there is a
1in 10 likelihood that such a match would
arise solely by chance.
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protein can often be predicted by searching databases for previously characterized pro-
teins that are similar in their amino acid sequences.

ANALYZING AND MANIPULATING DNA

Until the early 1970s, DNA was the most difficult biological molecule for the bio-
chemist to analyze. Enormously long and chemically monotonous, the string of
nucleotides that forms the genetic material of an organism could be examined
only indirectly, by protein or RNA sequencing or by genetic analysis. Today, the
situation has changed entirely. From being the most difficult macromolecule of
the cell to analyze, DNA has become the easiest. It is now possible to isolate a
specific region of almost any genome, to produce a virtually unlimited number
of copies of it, and to determine the sequence of its nucleotides in a few hours.
At the height of the Human Genome Project, large facilities with automated
machines were generating DNA sequences at the rate of 1000 nucleotides per
second, around the clock. By related techniques, an isolated gene can be altered
(engineered) at will and transferred back into the germ line of an animal or
plant, so as to become a functional and heritable part of the organism’s genome.

These technical breakthroughs in genetic engineering—the ability to
manipulate DNA with precision in a test tube or an organism—have had a dra-
matic impact on all aspects of cell biology by facilitating the study of cells and
their macromolecules in previously unimagined ways. Recombinant DNA tech-
nology comprises a mixture of techniques, some newly developed and some
borrowed from other fields such as microbial genetics (Table 8-3). Central to the
technology are the following key techniques:

1. Cleavage of DNA at specific sites by restriction nucleases, which greatly
facilitates the isolation and manipulation of individual genes.

2. DNA ligation, which makes it possible to design and construct DNA
molecules that are not found in nature.

3. DNA cloning through the use of either cloning vectors or the polymerase
chain reaction, in which a portion of DNA is repeatedly copied to generate
many billions of identical molecules.

4. Nucleic acid hybridization, which makes it possible to find a specific
sequence of DNA or RNA with great accuracy and sensitivity on the basis of
its ability to selectively bind a complementary nucleic acid sequence.

5. Rapid determination of the sequence of nucleotides of any DNA (even
entire genomes), making it possible to identify genes and to deduce the
amino acid sequence of the proteins they encode.

6. Simultaneous monitoring of the level of mRNA produced by every gene in
a cell, using nucleic acid microarrays, in which tens of thousands of
hybridization reactions take place simultaneously.

In this section, we describe each of these basic techniques, which together
have revolutionized the study of cell biology.

Restriction Nucleases Cut Large DNA Molecules into Fragments

Unlike a protein, a gene does not exist as a discrete entity in cells, but rather as
a small region of a much longer DNA molecule. Although the DNA molecules in
a cell can be randomly broken into small pieces by mechanical force, a fragment
containing a single gene in a mammalian genome would still be only one among
a hundred thousand or more DNA fragments, indistinguishable in their average
size. How could such a gene be purified? Because all DNA molecules consist of
an approximately equal mixture of the same four nucleotides, they cannot be
readily separated, as proteins can, on the basis of their different charges and
binding properties.

The solution to all of these problems began to emerge with the discovery of
restriction nucleases. These enzymes, which can be purified from bacteria, cut
the DNA double helix at specific sites defined by the local nucleotide sequence,
thereby cleaving a long double-stranded DNA molecule into fragments of
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Table 8-3 Some Major Steps in the Development of Recombinant DNA and Transgenic Technology

1869

1944
1953
1955
1961

1962

1966
1967
1972-1973

1975
1975-1977
1981-1982
1982
1985
1987
1989
1989

1990
1990

1991
1995
1996

1996-1997

1998

2001
2004

Miescher first isolates DNA from white blood cells harvested from pus-soaked bandages obtained from a nearby
hospital.

Avery provides evidence that DNA, rather than protein, carries the genetic information during bacterial transformation.
Watson and Crick propose the double-helix model for DNA structure based on x-ray results of Franklin and Wilkins.
Kornberg discovers DNA polymerase, the enzyme now used to produce labeled DNA probes.

Marmur and Doty discover DNA renaturation, establishing the specificity and feasibility of nucleic acid hydridization
reactions.

Arber provides the first evidence for the existence of DNA restriction nucleases, leading to their purification and use in
DNA sequence characterization by Nathans and H. Smith.

Nirenberg, Ochoa, and Khorana elucidate the genetic code.
Gellert discovers DNA ligase, the enzyme used to join DNA fragments together.

DNA cloning techniques are developed by the laboratories of Boyer, Cohen, Berg, and their colleagues at Stanford
University and the University of California at San Francisco.

Southern develops gel-transfer hybridization for the detection of specific DNA sequences.

Sanger and Barrell and Maxam and Gilbert develop rapid DNA-sequencing methods.

Palmiter and Brinster produce transgenic mice; Spradling and Rubin produce transgenic fruit flies.

GenBank, NIH's public genetic sequence database, is established at Los Alamos National Laboratory.

Mullis and co-workers invent the polymerase chain reaction (PCR).

Capecchi and Smithies introduce methods for performing targeted gene replacement in mouse embryonic stem cells.
Fields and Song develop the yeast two-hybrid system for identifying and studying protein interactions.

Olson and colleagues describe sequence-tagged sites, unique stretches of DNA that are used to make physical maps of
human chromosomes.

Lipman and colleagues release BLAST, an algorithm used to search for homology between DNA and protein sequences.

Simon and colleagues study how to efficiently use bacterial artificial chromosomes, BACs, to carry large pieces of cloned
human DNA for sequencing.

Hood and Hunkapillar introduce new automated DNA sequence technology.
Venter and colleagues sequence the first complete genome, that of the bacterium Haemophilus influenzae.

Goffeau and an international consortium of researchers announce the completion of the first genome sequence of a
eucaryote, the yeast Saccharomyces cerevisiae.

Lockhart and colleagues and Brown and DeRisi produce DNA microarrays, which allow the simultaneous monitoring
of thousands of genes.

Sulston and Waterston and colleagues produce the first complete sequence of a multicellular organism, the nematode
worm Caenorhabditis elegans.

Consortia of researchers announce the completion of the draft human genome sequence.
Publication of the “finished” human genome sequence.

strictly defined sizes. Different restriction nucleases have different sequence
specificities, and it is relatively simple to find an enzyme that can create a DNA
fragment that includes a particular gene. The size of the DNA fragment can then
be used as a basis for partial purification of the gene from a mixture.

Different species of bacteria make different restriction nucleases, which
protect them from viruses by degrading incoming viral DNA. Each bacterial
nuclease recognizes a specific sequence of four to eight nucleotides in DNA.
These sequences, where they occur in the genome of the bacterium itself, are
protected from cleavage by methylation at an A or a C nucleotide; the sequences
in foreign DNA are generally not methylated and so are cleaved by the restriction
nucleases. Large numbers of restriction nucleases have been purified from vari-
ous species of bacteria; several hundred, most of which recognize different
nucleotide sequences, are now available commercially.

Some restriction nucleases produce staggered cuts, which leave short sin-
gle-stranded tails at the two ends of each fragment (Figure 8-31). Ends of this
type are known as cohesive ends, as each tail can form complementary base pairs
with the tail at any other end produced by the same enzyme (Figure 8-32). The
cohesive ends generated by restriction enzymes allow any two DNA fragments
to be easily joined together, as long as the fragments were generated with the
same restriction nuclease (or with another nuclease that produces the same
cohesive ends). DNA molecules produced by splicing together two or more DNA
fragments are called recombinant DNA molecules.
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Figure 8-31 The DNA nucleotide sequences recognized by four widely
used restriction nucleases. As in the examples shown, such sequences are
often six base pairs long and “palindromic” (that is, the nucleotide
sequence is the same if the helix is turned by 180 degrees around the
center of the short region of helix that is recognized). The enzymes cut the
two strands of DNA at or near the recognition sequence. For the genes
encoding some enzymes, such as Hpal, the cleavage leaves blunt ends; for
others, such as EcoRl, Hindlll, and Pstl, the cleavage is staggered and
creates cohesive ends. Restriction nucleases are obtained from various
species of bacteria: Hpal is from Haemophilus parainfluenzae, EcoRl is from
Escherichia coli, Hindlll is from Haemophilus influenzae, and Pstl is from
Providencia stuarti.

Gel Electrophoresis Separates DNA Molecules of Different Sizes

The same types of gel electrophoresis methods that have proved so useful in the
analysis of proteins can determine the length and purity of DNA molecules. The
procedure is actually simpler than for proteins: because each nucleotide in a
nucleic acid molecule already carries a single negative charge (on the phosphate
group), there is no need to add the negatively charged detergent SDS that is
required to make protein molecules move uniformly toward the positive elec-
trode. For DNA fragments less than 500 nucleotides long, specially designed
polyacrylamide gels allow the separation of molecules that differ in length by as
little as a single nucleotide (Figure 8-33A). The pores in polyacrylamide gels,
however, are too small to permit very large DNA molecules to pass; to separate
these by size, the much more porous gels formed by dilute solutions of agarose
(a polysaccharide isolated from seaweed) are used (Figure 8-33B). These DNA
separation methods are widely used for both analytical and preparative pur-
poses.

A variation of agarose-gel electrophoresis, called pulsed-field gel elec-
trophoresis, makes it possible to separate even extremely long DNA molecules.
Ordinary gel electrophoresis fails to separate such molecules because the steady
electric field stretches them out so that they travel end-first through the gel in
snakelike configurations at a rate that is independent of their length. In pulsed-
field gel electrophoresis, by contrast, the direction of the electric field changes
periodically, which forces the molecules to reorient before continuing to move
snakelike through the gel. This reorientation takes much more time for larger
molecules, so that longer molecules move more slowly than shorter ones. As a
consequence, even entire bacterial or yeast chromosomes separate into discrete
bands in pulsed-field gels and so can be sorted and identified on the basis of
their size (Figure 8-33C). Although a typical mammalian chromosome of 108
base pairs is too large to be sorted even in this way, large segments of these chro-
mosomes are readily separated and identified if the chromosomal DNA is first
cut with a restriction nuclease selected to recognize sequences that occur only
rarely (once every 10,000 or more nucleotide pairs).

The DNA bands on agarose or polyacrylamide gels are invisible unless the
DNA is labeled or stained in some way. One sensitive method of staining DNA is
to expose it to the dye ethidium bromide, which fluoresces under ultraviolet light
when it is bound to DNA (see Figure 8-33B,C). An even more sensitive detection
method incorporates a radioisotope into the DNA molecules before elec-
trophoresis; 32P is often used as it can be incorporated into DNA phosphates and
emits an energetic  particle that is easily detected by autoradiography, as in Fig-
ure 8-33. (For a discussion of radioisotopes, see p. 601).

Figure 8-32 The use of restriction nucleases to produce DNA fragments
that can be easily joined together. Fragments with the same cohesive
ends can readily join by complementary base-pairing between their
cohesive ends, as illustrated. The two DNA fragments that join in this
example were both produced by the EcoRl restriction nuclease, whereas
the three other fragments were produced by different restriction nucleases
that generated different cohesive ends (see Figure 8-31). Blunt-ended
fragments, like those generated by Hpal (see Figure 8-31), can be spliced
together with more difficulty.
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Figure 8-33 Gel electrophoresis techniques for separating DNA
molecules by size. In the three examples shown, electrophoresis is from
top to bottom, so that the largest—and thus slowest-moving—DNA
molecules are near the top of the gel. (A) A polyacrylamide gel with small
pores was used to fractionate single-stranded DNA. In the size range 10 to
500 nucleotides, DNA molecules that differ in size by only a single
nucleotide can be separated from each other. In the example, the four lanes
represent sets of DNA molecules synthesized in the course of a DNA-
sequencing procedure. The DNA to be sequenced has been artificially
replicated from a fixed start site up to a variable stopping point, producing
a set of partial replicas of differing lengths. (Figure 8-50 explains how such
sets of partial replicas are synthesized.) Lane 1 shows all the partial replicas
that terminate in a G, lane 2 all those that terminate in an A, lane 3 all those
that terminate in a T, and lane 4 all those that terminate in a C. Since the
DNA molecules used in these reactions were radiolabeled, their positions
can be determined by autoradiography, as shown.

(B) An agarose gel with medium-sized pores was used to separate double-
stranded DNA molecules. This method is most useful in the size range 300
to 10,000 nucleotide pairs. These DNA molecules are fragments produced
by cleaving the genome of a bacterial virus with a restriction nuclease, and
they have been detected by their fluorescence when stained with the dye
ethidium bromide. (C) The technique of pulsed-field agarose gel
electrophoresis was used to separate 16 different yeast (Saccharomyces
cerevisiae) chromosomes, which range in size from 220,000 to 2.5 million
nucleotide pairs. The DNA was stained as in (B). DNA molecules as large as
107 nucleotide pairs can be separated in this way. (A, courtesy of Leander
Lauffer and Peter Walter; B, courtesy of Ken Kreuzer; C, from D. Vollrath and
R.W. Davis, Nucleic Acids Res. 15:7865-7876, 1987. With permission from
Oxford University Press.)

Purified DNA Molecules Can Be Specifically Labeled with
Radioisotopes or Chemical Markers in vitro

Two procedures are widely used to label isolated DNA molecules. In the first
method, a DNA polymerase copies the DNA in the presence of nucleotides that
are either radioactive (usually labeled with 32P) or chemically tagged (Figure
8-34A). In this way, “DNA probes” containing many labeled nucleotides can be
produced for nucleic acid hybridization reactions (discussed below). The sec-
ond procedure uses the bacteriophage enzyme polynucleotide kinase to trans-
fer a single 32P-labeled phosphate from ATP to the 5" end of each DNA chain
(Figure 8-34B). Because only one 32P atom is incorporated by the kinase into
each DNA strand, the DNA molecules labeled in this way are often not radioac-
tive enough to be used as DNA probes; because they are labeled at only one end,
however, they have been invaluable for other applications, including DNA foot-
printing, as discussed in Chapter 7.

Radioactive labeling methods are being replaced by labeling with molecules
that can be detected chemically or through fluorescence. To produce such non-
radioactive DNA molecules, specially modified nucleotide precursors are used
(Figure 8-34C). A DNA molecule made in this way is allowed to bind to its com-
plementary DNA sequence by hybridization, as discussed in the next section,
and is then detected with an antibody (or other ligand) that specifically recog-
nizes its modified side chain (Figure 8-35).

Nucleic Acid Hybridization Reactions Provide a Sensitive Way to
Detect Specific Nucleotide Sequences

When an aqueous solution of DNA is heated at 100°C or exposed to a very high
pH (pH = 13), the complementary base pairs that normally hold the two strands
of the double helix together are disrupted and the double helix rapidly dissoci-
ates into two single strands. This process, called DNA denaturation, was for
many years thought to be irreversible. In 1961, however, it was discovered that
complementary single strands of DNA readily re-form double helices by a pro-
cess called hybridization (also called DNA renaturation) if they are kept for a
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Figure 8-34 Methods for labeling DNA
molecules in vitro. (A) A purified DNA
polymerase enzyme labels all the
nucleotides in a DNA molecule and can
thereby produce highly radioactive DNA
probes. (B) Polynucleotide kinase labels
only the 5” ends of DNA strands; therefore,
when labeling is followed by restriction
nuclease cleavage, as shown, DNA
molecules containing a single 5-end-
labeled strand can be readily obtained.
(C) The method in (A) is also used to
produce nonradioactive DNA molecules
that carry a specific chemical marker that
can be detected with an appropriate
antibody. The modified nucleotide shown
can be incorporated into DNA by DNA
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prolonged period at 65°C. Similar hybridization reactions can occur between
any two single-stranded nucleic acid chains (DNA/DNA, RNA/RNA, or
RNA/DNA), provided that they have complementary nucleotide sequences.
These specific hybridization reactions are widely used to detect and character-
ize specific nucleotide sequences in both RNA and DNA molecules.
Single-stranded DNA molecules used to detect complementary sequences
are known as probes; these molecules, which carry radioactive or chemical
markers to facilitate their detection, can range from fifteen to thousands of
nucleotides long. Hybridization reactions using DNA probes are so sensitive and
selective that they can detect complementary sequences present at a concen-
tration as low as one molecule per cell. It is thus possible to determine how
many copies of any DNA sequence are present in a particular DNA sample. The
same technique can be used to search for related but nonidentical genes. To find
a gene of interest in an organism whose genome has not yet been sequenced, for
example, a portion of a known gene can be used as a probe (Figure 8-36).

polymerase, allowing the DNA molecule to
serve as a probe that can be readily
detected. The base on the nucleoside
triphosphate shown is an analog of
thymine, in which the methyl group on

T has been replaced by a spacer arm linked
to the plant steroid digoxigenin. An anti-
digoxygenin antibody coupled to a visible
marker such as a fluorescent dye is used to
visualize the probe. Other chemical labels
such as biotin can be attached to
nucleotides and used in essentially the
same way.
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Figure 8-35 In situ hybridization to locate specific genes on
chromosomes. Here, six different DNA probes have been used to mark the
locations of their respective nucleotide sequences on human chromosome
5 at metaphase. The probes have been chemically labeled and detected
with fluorescent antibodies. Both copies of chromosome 5 are shown,
aligned side by side. Each probe produces two dots on each chromosome,
since a metaphase chromosome has replicated its DNA and therefore
contains two identical DNA helices. (Courtesy of David C. Ward.)

Alternatively, DNA probes can be used in hybridization reactions with RNA
rather than DNA to find out whether a cell is expressing a given gene. In this case
a DNA probe that contains part of the gene’s sequence is hybridized with RNA
purified from the cell in question to see whether the RNA includes nucleotide
sequences matching the probe DNA and, if so, in what quantities. In somewhat
more elaborate procedures, the DNA probe is treated with specific nucleases
after the hybridization is complete, to determine the exact regions of the DNA
probe that have paired with the RNA molecules. One can thereby determine the
start and stop sites for RNA transcription, as well as the precise boundaries of
the intron and exon sequences in a gene (Figure 8-37).

Today, the positions of intron/exon boundaries are usually determined by
sequencing the complementary DNA (cDNA) sequences that represent the
mRNAs expressed in a cell and comparing them with the nucleotide sequence of
the genome. We describe later how cDNAs are prepared from mRNAs.

The hybridization of DNA probes to RNAs allows one to determine whether
or not a particular gene is being transcribed; moreover, when the expression of
a gene changes, one can determine whether the change is due to transcriptional
or post-transcriptional controls (see Figure 7-92). These tests of gene expression
were initially performed with one DNA probe at a time. DNA microarrays now
allow the simultaneous monitoring of hundreds or thousands of genes at a time,
as we discuss later. Hybridization methods are in such wide use in cell biology
today that it is difficult to imagine how we could study gene structure and

expression without them.
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Figure 8-36 Stringent versus
nonstringent hybridization conditions.
To use a DNA probe to find an identical
match, stringent hybridization conditions
are used; the reaction temperature is
kept just a few degrees below that at
which a perfect DNA helix denatures in
the solvent used (its melting temperature),
so that all imperfect helices formed are
unstable. When a DNA probe is being
used to find DNAs with related, as well as
identical, sequences, less stringent
conditions are used; hybridization is
performed at a lower temperature, which
allows even imperfectly paired double
helices to form. Only the lower-
temperature hybridization conditions can
be used to search for genes that are
nonidentical but related to gene A (Cand
E in this example).
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Northern and Southern Blotting Facilitate Hybridization with
Electrophoretically Separated Nucleic Acid Molecules

In a complex mixture of nucleic acids, DNA probes are often used to detect only
those molecules with sequences that are complementary to all or part of the
probe. Gel electrophoresis can be used to fractionate the many different RNA or
DNA molecules in a crude mixture according to their size before the hybridiza-
tion reaction is performed; if the probe binds to molecules of only one or a few
sizes, one can be certain that the hybridization was indeed specific. Moreover,
the size information obtained can be invaluable in itself. An example illustrates
this point.

Suppose that one wishes to determine the nature of the defect in a mutant
mouse that produces abnormally low amounts of albumin, a protein that liver
cells normally secrete into the blood in large amounts. First, one collects identi-
cal samples of liver tissue from mutant and normal mice (the latter serving as
controls) and disrupts the cells in a strong detergent to inactivate nucleases that
might otherwise degrade the nucleic acids. Next, one separates the RNA and
DNA from all of the other cell components: the proteins present are completely
denatured and removed by repeated extractions with phenol—a potent organic
solvent that is partly miscible with water; the nucleic acids, which remain in the
aqueous phase, are then precipitated with alcohol to separate them from the
small molecules of the cell. Then, one separates the DNA from the RNA by their
different solubilities in alcohols and degrades any contaminating nucleic acid of
the unwanted type by treatment with a highly specific enzyme—either an RNase
or a DNase. The mRNAs are typically separated from bulk RNA by retention on a
chromatography column that specifically binds the poly-A tails of mRNAs.

To analyze the albumin-encoding mRNAs, a technique called Northern
blotting is used. First, the intact mRNA molecules purified from mutant and
control liver cells are fractionated on the basis of their sizes into a series of bands
by gel electrophoresis. Then, to make the RNA molecules accessible to DNA
probes, a replica of the pattern of RNA bands on the gel is made by transferring
(“blotting”) the fractionated RNA molecules onto a sheet of nitrocellulose or
nylon paper. The paper is then incubated in a solution containing a labeled DNA
probe, the sequence of which corresponds to part of the template strand that

Figure 8-37 The use of nucleic acid
hybridization to determine the region
of a cloned DNA fragment that is
present in an mRNA molecule. The
method shown requires a nuclease that
cuts the DNA chain only where it is not
base-paired to a complementary RNA
chain. The positions of the introns in
eucaryotic genes are mapped by the
method shown. For this type of analysis,
the DNA is electrophoresed through a
denaturing agarose gel, which causes it
to migrate as single-stranded molecules.
The location of each end of an RNA
molecule can be determined using
similar methods.
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Figure 8-38 Detection of specific RNA or DNA molecules by gel-transfer
hybridization. In this example, the DNA probe is detected by its
radioactivity. DNA probes detected by chemical or fluorescence methods \K
are also widely used (see Figure 8-34). (A) A mixture of either single-
stranded RNA molecules (Northern blotting) or the double-stranded DNA

- . . labeled
fragments created by restriction nuclease treatment (Southern blotting) is

probe

separated according to length by electrophoresis. (B) A sheet of in buffer
nitrocellulose or nylon paper is laid over the gel, and the separated RNA or LABELED PROBE HYBRIDIZED TO
DNA fragments are transferred to the sheet by blotting. (C) The COMPLEMENTARY DNA BANDS
nitrocellulose sheet is carefully peeled off the gel. (D) The sheet containing VISUALIZED BY AUTORADIOGRAPHY
the bound nucleic acids is placed in a sealed plastic bag together with a (E)

buffered salt solution containing a radioactively labeled DNA probe. The
sheet is exposed to a labeled DNA probe for a prolonged period under
conditions favoring hybridization. (E) The sheet is removed from the bag and

washed thoroughly, so that only probe molecules that have hybridized to positions abeled
the RNA or DNA immobilized on the paper remain attached. After | bm(l d > lfaned(:
abele

autoradiography, the DNA that has hybridized to the labeled probe shows
up as bands on the autoradiograph.

For Southern blotting, the strands of the double-stranded DNA molecules
on the paper must be separated before the hybridization process; this is
done by exposing the DNA to alkaline denaturing conditions after the gel
has been run (not shown).

markers

]

produces albumin mRNA. The RNA molecules that hybridize to the labeled DNA
probe on the paper (because they are complementary to part of the normal
albumin gene sequence) are then located by detecting the bound probe by
autoradiography or by chemical means (Figure 8-38). The sizes of the
hybridized RNA molecules can be determined by reference to RNA standards of
known sizes that are electrophoresed side by side with the experimental sample.
In this way, one might discover that liver cells from the mutant mice make albu-
min mRNA in normal amounts and of normal size; alternatively, you might find
that they make it in normal size but in greatly reduced amounts. Another possi-
bility is that the mutant albumin mRNA molecules are abnormally short; in this
case the gel blot could be retested with a series of shorter DNA probes, each cor-
responding to small portions of the gene, to reveal which part of the normal RNA
is missing.

The original gel-transfer hybridization method, called Southern blotting,
analyzes DNA rather than RNA. (It was named after its inventor, and the North-
ern and Western blotting techniques were named with reference to it.) Here, iso-
lated DNA is first cut into readily separable fragments with restriction nucleases.
The double-stranded fragments are then separated on the basis of size by gel
electrophoresis, and those complementary to a DNA probe are identified by
blotting and hybridization, as just described for RNA (see Figure 8-38). To char-
acterize the structure of the albumin gene in the mutant mice, an albumin-spe-
cific DNA probe would be used to construct a detailed restriction map of the
genome in the region of the albumin gene (such a map consists of the pattern of
DNA fragments produced by various restriction nucleases). From this map one
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could determine if the albumin gene has been rearranged in the defective ani-
mals—for example, by the deletion or the insertion of a short DNA sequence;
most single-base changes, however, could not be detected in this way.

Genes Can Be Cloned Using DNA Libraries

Any DNA fragment can be cloned. In molecular biology, the term DNA cloning
is used in two senses. In one sense, it literally refers to the act of making many
identical copies of a DNA molecule—the amplification of a particular DNA
sequence. However, the term also describes the isolation of a particular stretch
of DNA (often a particular gene) from the rest of a cell's DNA, because this isola-
tion is greatly facilitated by making many identical copies of the DNA of interest.
As discussed earlier in this chapter, cloning, particularly when used in the con-
text of developmental biology, can also refer to the generation of many geneti-
cally identical cells starting from a single cell or even to the generation of genet-
ically identical organisms. In all cases, cloning refers to the act of making many
genetically identical copies; in this section, we will use the term cloning (or DNA
cloning or gene cloning) to refer to methods designed to generate many identi-
cal copies of a segment of nucleic acid.

DNA cloning in its most general sense can be accomplished in several ways.
The simplest involves inserting a particular fragment of DNA into the purified
DNA genome of a self-replicating genetic element—generally a virus or a plas-
mid. A DNA fragment containing a human gene, for example, can be joined in a
test tube to the chromosome of a bacterial virus, and the new recombinant DNA
molecule can then be introduced into a bacterial cell, where the inserted DNA
fragment will be replicated along with the DNA of the virus. Starting with only
one such recombinant DNA molecule that infects a single cell, the normal repli-
cation mechanisms of the virus can produce more than 10'2 identical virus DNA
molecules in less than a day, thereby amplifying the amount of the inserted
human DNA fragment by the same factor. A virus or plasmid used in this way is
known as a cloning vector, and the DNA propagated by insertion into it is said to
have been cloned.

To isolate a specific gene, one often begins by constructing a DNA library—
a comprehensive collection of cloned DNA fragments from a cell, tissue, or
organism. This library includes (one hopes) at least one fragment that contains
the gene of interest. Libraries can be constructed with either a virus or a plasmid
vector and are generally housed in a population of bacterial cells. The principles
underlying the methods used for cloning genes are the same for either type of
cloning vector, although the details may differ. Today, most cloning is performed
with plasmid vectors.

The plasmid vectors most widely used for gene cloning are small circular
molecules of double-stranded DNA derived from larger plasmids that occur nat-
urally in bacterial cells. They generally account for only a minor fraction of the
total host bacterial cell DNA, but they can easily be separated owing to their
small size from chromosomal DNA molecules, which are large and precipitate as
a pellet upon centrifugation. For use as cloning vectors, the purified plasmid
DNA circles are first cut with a restriction nuclease to create linear DNA
molecules. The genomic DNA to be used in constructing the library is cut with
the same restriction nuclease, and the resulting restriction fragments (including
those containing the gene to be cloned) are then added to the cut plasmids and
annealed via their cohesive ends to form recombinant DNA circles. These
recombinant molecules containing foreign DNA inserts are then covalently
sealed with the enzyme DNA ligase (Figure 8-39).

In the next step in preparing the library, the recombinant DNA circles are
introduced into bacterial cells that have been made transiently permeable to
DNA. These bacterial cells are now said to be transfected with the plasmids. As
the cells grow and divide, doubling in number every 30 minutes, the recombi-
nant plasmids also replicate to produce an enormous number of copies of DNA
circles containing the foreign DNA (Figure 8-40). Many bacterial plasmids carry
genes for antibiotic resistance (discussed in Chapter 24), a property that can be
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exploited to select those cells that have been successfully transfected; if the bac-
teria are grown in the presence of the antibiotic, only cells containing plasmids
will survive. Each original bacterial cell that was initially transfected contains, in
general, a different foreign DNA insert; this insert is inherited by all of the
progeny cells of that bacterium, which together form a small colony in a culture
dish.

For many years, plasmids were used to clone fragments of DNA of 1000 to
30,000 nucleotide pairs. Larger DNA fragments are more difficult to handle and
were harder to clone. Then researchers began to use yeast artificial chromosomes
(YACs), which could accommodate very large pieces of DNA (Figure 8-41).
Today, new plasmid vectors based on the naturally occurring F plasmid of E. coli
are used to clone DNA fragments of 300,000 to 1 million nucleotide pairs. Unlike
smaller bacterial plasmids, the F plasmid—and its derivative, the bacterial arti-
ficial chromosome (BAC)—is present in only one or two copies per E. coli cell.
The fact that BACs are kept in such low numbers in bacterial cells may con-
tribute to their ability to maintain large cloned DNA sequences stably: with only
a few BACs present, it is less likely that the cloned DNA fragments will become
scrambled by recombination with sequences carried on other copies of the plas-
mid. Because of their stability, ability to accept large DNA inserts, and ease of
handling, BACs are now the preferred vector for building DNA libraries of com-
plex organisms—including those representing the human and mouse genomes.

Two Types of DNA Libraries Serve Different Purposes

Cleaving the entire genome of a cell with a specific restriction nuclease and
cloning each fragment as just described produces a very large number of DNA
fragments—on the order of a million for a mammalian genome. The fragments
are distributed among millions of different colonies of transfected bacterial cells.
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many copies of purified
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Figure 8-39 The insertion of a DNA
fragment into a bacterial plasmid with
the enzyme DNA ligase. The plasmid is
cut open with a restriction nuclease (in
this case one that produces cohesive
ends) and is mixed with the DNA
fragment to be cloned (which has been
prepared with the same restriction
nuclease). DNA ligase and ATP are added.
The cohesive ends base-pair, and DNA
ligase seals the nicks in the DNA
backbone, producing a complete
recombinant DNA molecule.
(Micrographs courtesy of Huntington
Potter and David Dressler.)

Figure 8-40 The amplification of the
DNA fragments inserted into a plasmid.
To produce large amounts of the DNA of
interest, the recombinant plasmid DNA in
Figure 8-39 is introduced into a
bacterium by transfection, where it will
replicate many millions of times as the
bacterium multiplies.
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When working with BACs rather than typical plasmids, larger fragments can be
inserted, and so fewer transfected bacterial cells are required to cover the
genome. In either case, each of the colonies is composed of a clone of cells
derived from a single ancestor cell, and therefore harbors many copies of a par-
ticular stretch of the fragmented genome (Figure 8-42). Such a plasmid is said to
contain a genomic DNA clone, and the entire collection of plasmids is called a
genomic DNA library. But because the genomic DNA is cut into fragments at
random, only some fragments contain genes. Many of the genomic DNA clones
obtained from the DNA of a higher eucaryotic cell contain only noncoding DNA,
which, as we discussed in Chapter 4, makes up most of the DNA in such genomes.

An alternative strategy is to begin the cloning process by selecting only those
DNA sequences that are transcribed into mRNA and thus are presumed to cor-
respond to protein-encoding genes. This is done by extracting the mRNA from
cells and then making a DNA copy of each mRNA molecule present—a so-called
complementary DNA, or cDNA. The copying reaction is catalyzed by the reverse
transcriptase enzyme of retroviruses, which synthesizes a complementary DNA
chain on an RNA template. The single-stranded cDNA molecules synthesized by
the reverse transcriptase are converted into double-stranded cDNA molecules
by DNA polymerase, and these molecules are inserted into a plasmid or virus
vector and cloned (Figure 8-43). Each clone obtained in this way is called a
cDNA clone, and the entire collection of clones derived from one mRNA prepa-
ration constitutes a cDNA library.

Figure 8-44 illustrates some important differences between genomic DNA
clones and cDNA clones. Genomic clones represent a random sample of all of
the DNA sequences in an organism and, with very rare exceptions, are the same
regardless of the cell type used to prepare them. By contrast, cDNA clones con-
tain only those regions of the genome that have been transcribed into mRNA.
Because the cells of different tissues produce distinct sets of mRNA molecules, a
distinct cDNA library is obtained for each type of cell used to prepare the library.

Figure 8-42 Construction of a human genomic DNA library. A genomic
library is usually stored as a set of bacteria, each bacterium carrying a
different fragment of human DNA. For simplicity, cloning of just a few
representative fragments (colored) is shown. In reality, all of the gray DNA
fragments would also be cloned.

Figure 8-41 The making of a yeast
artificial chromosome (YAC). A YAC
vector allows the cloning of very large
DNA molecules. TEL, CEN, and ORI are the
telomere, centromere, and origin of
replication sequences, respectively, for
the yeast Saccharomyces cerevisiae; all of
these are required to propagate the YAC.
BamHI and EcoRl are sites where the
corresponding restriction nucleases cut
the DNA double helix. The sequences
denoted A and B encode enzymes that
serve as selectable markers to allow the
easy isolation of yeast cells that have
taken up the artificial chromosome.
Because bacteria divide more rapidly
than yeasts, most large-scale cloning
projects now use E. coli as the means for
amplifying DNA. (Adapted from

D.T. Burke, G.F. Carle and M.V. Olson,
Science 236:806-812, 1987. With
permission from AAAS.)
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Figure 8-43 The synthesis of cDNA.
Total mRNA is extracted from a particular
tissue, and the enzyme reverse
transcriptase produces DNA copies
(cDNA) of the mRNA molecules (see

p. 320). For simplicity, the copying of just
one of these mRNAs into cDNA is
illustrated. A short oligonucleotide

, MRNA 3 complementary to the poly-A tail at the
> AAAAAAA 3" end of the mRNA (discussed in Chapter
6) is first hybridized to the RNA to act as a
HYBRIDIZE WITH primer for the reverse transcriptase,
POLY-T PRIMER which then copies the RNA into a
5 3 complementary DNA chain, thereby
ARNAARA forming a DNA/RNA hybrid helix. Treating
MAKE COMPLEMENTARY DNA TTTTTTT the DNA/RNA hybrid with RNase H (see
MRNA COPY WITH REVERSE TRANSCRIPTASE 3 > Figure 5-12) creates nicks and gaps in the
5 3 RNA strand. The enzyme DNA polymerase
IANARRA then copies the remaining single-
3 TTTTTTT stranded cDNA into double-stranded
cDNA > cDNA. The fragment of the original mRNA
\?\2‘?5?&22\‘: is the primer for this synthesis reaction,
5 as shown. Because the DNA polymerase
5

DOOVIU OV
3 / TTTTTTT
5,

SYNTHESIZE A SECOND cDNA STRAND

USING DNA POLYMERASE;

RNA FRAGMENT ACTS AS PRIMER

5
(PTHMAAAA
3WMMM TTTTTTT
o

double-stranded cDNA copy of original mRNA

used to synthesize the second DNA
strand can synthesize through the bound
RNA molecules, the RNA fragment that is
base-paired to the 3" end of the first DNA
strand usually acts as the primer for the
final product of the second strand
synthesis. This RNA is eventually
degraded during subsequent cloning
steps. As a result, the nucleotide
sequences at the extreme 5” ends of the
original mRNA molecules are often
absent from cDNA libraries.

3
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Figure 8-44 The differences between
cDNA clones and genomic DNA clones
derived from the same region of DNA. In
this example, gene A is infrequently
transcribed, whereas gene B is frequently
transcribed, and both genes contain
introns (green). In the genomic DNA
library, both the introns and the
nontranscribed DNA (pink) are included
in the clones, and most clones contain, at
most, only part of the coding sequence
of a gene (red). In the cDNA clones, the
intron sequences (yellow) have been
removed by RNA splicing during the

| TRANSCRIPTION |

RNA
SPLICING

s—

CLONING

formation of the mRNA (blue), and a
continuous coding sequence is therefore
present in each clone. Because gene B is
transcribed more frequently than gene A
in the cells from which the cDNA library
was made, it is represented much more
frequently than A in the cDNA library. In
contrast, A and B are in principle

genomic DNA clones in genomic DNA library

represented equally in the genomic

cDNA clones in cDNA library DNA library
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cDNA Clones Contain Uninterrupted Coding Sequences

There are several advantages in using a cDNA library for gene cloning. First, spe-
cialized cells produce large quantities of some proteins. In this case, the mRNA
encoding the protein is likely to be produced in such large quantities that a
cDNA library prepared from the cells is highly enriched for the cDNA molecules
encoding the protein, greatly reducing the problem of identifying the desired
clone in the library (see Figure 8-44). Hemoglobin, for example, is made in large
amounts by developing erythrocytes (red blood cells); for this reason the globin
genes were among the first to be cloned.

By far the most important advantage of cDNA clones is that they contain the
uninterrupted coding sequence of a gene. As we have seen, eucaryotic genes
usually consist of short coding sequences of DNA (exons) separated by much
longer noncoding sequences (introns); the production of mRNA entails the
removal of the noncoding sequences from the initial RNA transcript and the
splicing together of the coding sequences. Neither bacterial nor yeast cells will
make these modifications to the RNA produced from a gene of a higher eucary-
otic cell. Thus, when the aim of the cloning is either to deduce the amino acid
sequence of the protein from the DNA sequence or to produce the protein in
bulk by expressing the cloned gene in a bacterial or yeast cell, it is much prefer-
able to start with cDNA. cDNA libraries have an additional use: as described in
Chapter 7, many mRNAs from humans and other complex organisms are alter-
natively spliced, and a cDNA library often represents many, if not all, of the alter-
natively spliced mRNAs produced from a given cell line or tissue.

Genomic and cDNA libraries are inexhaustible resources, which are widely
shared among investigators. Today, many such libraries are also available from
commercial sources.

Genes Can Be Selectively Amplified by PCR

Now that so many genome sequences are available, genes can be cloned directly
without the need to first construct DNA libraries. A technique called the poly-
merase chain reaction (PCR) makes this rapid cloning possible. Starting with an
entire genome, PCR allows the DNA from a selected region to be amplified sev-
eral billionfold, effectively “purifying” this DNA away from the remainder of the
genome.

To begin, a pair of DNA oligonucleotides, chosen to flank the desired
nucleotide sequence of the gene, are synthesized by chemical methods. These
oligonucleotides are then used to prime DNA synthesis on single strands gener-
ated by heating the DNA from the entire genome. The newly synthesized DNA is
produced in a reaction catalyzed in vitro by a purified DNA polymerase, and the
primers remain at the 5" ends of the final DNA fragments that are made (Figure
8-45A).

Nothing special is produced in the first cycle of DNA synthesis; the power of
the PCR method is revealed only after repeated rounds of DNA synthesis. Every
cycle doubles the amount of DNA synthesized in the previous cycle. Because
each cycle requires a brief heat treatment to separate the two strands of the tem-
plate DNA double helix, the technique requires the use of a special DNA poly-
merase, isolated from a thermophilic bacterium, that is stable at much higher
temperatures than normal so that it is not denatured by the repeated heat treat-
ments. With each round of DNA synthesis, the newly generated fragments serve
as templates in their turn, and within a few cycles the predominant product is a
single species of DNA fragment whose length corresponds to the distance
between the two original primers (see Figure 8-45B).

In practice, effective DNA amplification requires 20-30 reaction cycles, with
the products of each cycle serving as the DNA templates for the next—hence the
term polymerase “chain reaction.” A single cycle requires only about 5 minutes,
and the entire procedure can be easily automated. PCR thereby makes possible
the “cell-free molecular cloning” of a DNA fragment in a few hours, compared
with the several days required for standard cloning procedures. This technique
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ANALYZING AND MANIPULATING DNA 545

is now used routinely to clone DNA from genes of interest directly—starting
either from genomic DNA or from mRNA isolated from cells (Figure 8-46).

The PCR method is extremely sensitive; it can detect a single DNA molecule
in a sample. Trace amounts of RNA can be analyzed in the same way by first tran-
scribing them into DNA with reverse transcriptase. The PCR cloning technique
has largely replaced Southern blotting for the diagnosis of genetic diseases and
for the detection of low levels of viral infection. It also has great promise in foren-
sic medicine as a means of analyzing minute traces of blood or other tissues—
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Figure 8-45 Amplification of DNA by the PCR technique. <TACG> Knowledge of the DNA sequence to be amplified is
used to design two synthetic, primer DNA oligonucleotides. One primer is complementary to the sequence on one strand
of the DNA double helix, and one is complementary to the sequence on the other strand, but at the opposite end of the
region to be amplified. These oligonucleotides serve as primers for in vitro DNA synthesis, which is performed by a DNA
polymerase, and they determine the segment of the DNA to be amplified. (A) PCR starts with a double-stranded DNA, and
each cycle of the reaction begins with a brief heat treatment to separate the two strands (step 1). After strand separation,
cooling of the DNA in the presence of a large excess of the two primer DNA oligonucleotides allows these primers to
hybridize to complementary sequences in the two DNA strands (step 2). This mixture is then incubated with DNA
polymerase and the four deoxyribonucleoside triphosphates to synthesize DNA, starting from the two primers (step 3). The
entire cycle is then begun again by a heat treatment to separate the newly synthesized DNA strands. (B) As the procedure
is performed over and over again, the newly synthesized fragments serve as templates in their turn, and within a few cycles
the predominant DNA is identical to the sequence bracketed by and including the two primers in the original template. Of
the DNA put into the original reaction, only the sequence bracketed by the two primers is amplified because there are no
primers attached anywhere else. In the example illustrated in (B), three cycles of reaction produce 16 DNA chains, 8 of
which (boxed in yellow) are the same length as and correspond exactly to one or the other strand of the original bracketed
sequence shown at the far left; the other strands contain extra DNA downstream of the original sequence, which is
replicated in the first few cycles. After four more cycles, 240 of the 256 DNA chains correspond exactly to the original
bracketed sequence, and after several more cycles, essentially all of the DNA strands have this unique length.
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even as little as a single cell—and identifying the person from whom the sample
came by his or her genetic “fingerprint” (Figure 8-47).

Cells Can Be Used As Factories to Produce Specific Proteins

The vast majority of the thousands of different proteins in a cell, including many
with crucially important functions, are present in very small amounts. In the
past, for most of them, it has been extremely difficult, if not impossible, to obtain
more than a few micrograms of pure material. One of the most important con-
tributions of DNA cloning and genetic engineering to cell biology is that they
have made it possible to produce any of the cell’s proteins in nearly unlimited
amounts.

Large amounts of a desired protein are produced in living cells by using
expression vectors (Figure 8-48). These are generally plasmids that have been
designed to produce a large amount of a stable mRNA that can be efficiently
translated into protein in the transfected bacterial, yeast, insect, or mammalian
cell. To prevent the high level of the foreign protein from interfering with the
transfected cell’'s growth, the expression vector is often designed to delay the
synthesis of the foreign mRNA and protein until shortly before the cells are har-
vested and lysed (Figure 8-49).

Because the desired protein made from an expression vector is produced
inside a cell, it must be purified away from the host-cell proteins by chromatog-
raphy after cell lysis; but because it is such a plentiful species in the cell lysate
(often 1-10% of the total cell protein), the purification is usually easy to accom-
plish in only a few steps. As we saw above, many expression vectors have been

Figure 8-46 Use of PCR to obtain a
genomic or cDNA clone. (A) To obtain a
genomic clone using PCR, chromosomal
DNA is first purified from cells. PCR
primers that flank the stretch of DNA to
be cloned are added, and many cycles of
the reaction are completed (see Figure
8-45). Since only the DNA between (and
including) the primers is amplified, PCR
provides a way to obtain a short stretch
of chromosomal DNA selectively in a
virtually pure form. (B) To use PCR to
obtain a cDNA clone of a gene, mRNA is
first purified from cells. The first primer is
then added to the population of mRNAs,
and reverse transcriptase is used to make
a complementary DNA strand. The
second primer is then added, and the
single-stranded cDNA molecule is
amplified through many cycles of PCR, as
shown in Figure 8-45. For both types of
cloning, the nucleotide sequence of at
least part of the region to be cloned must
be known beforehand.
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Figure 8-47 How PCR is used in forensic science. (A) The DNA sequences that create the variability used in this analysis
contain runs of short, repeated sequences, such as CACACA ... ., which are found in various positions (loci) in the human
genome. The number of repeats in each run can be highly variable in the population, ranging from 4 to 40 in different
individuals. A run of repeated nucleotides of this type is commonly referred to as a hypervariable microsatellite sequence—
also known as a VNTR (variable number of tandem repeat) sequence. Because of the variability in these sequences at each
locus, individuals usually inherit a different variant from their mother and from their father; two unrelated individuals
therefore do not usually contain the same pair of sequences. A PCR analysis using primers that bracket the locus produces
a pair of bands of amplified DNA from each individual, one band representing the maternal variant and the other
representing the paternal variant. The length of the amplified DNA, and thus the position of the band it produces after
electrophoresis, depends on the exact number of repeats at the locus. (B) In the schematic example shown here, the same
three VNTR loci are analyzed (requiring three different pairs of specially selected oligonucleotide primers) from three
suspects (individuals A, B, and C), producing six DNA bands for each person after polyacrylamide-gel electrophoresis.
Although some individuals have several bands in common, the overall pattern is quite distinctive for each. The band
pattern can therefore serve as a “fingerprint” to identify an individual nearly uniquely. The fourth lane (F) contains the
products of the same reactions carried out on a forensic sample. The starting material for such a PCR can be a single hair or
a tiny sample of blood that was left at the crime scene. When examining the variability at 5-10 different VNTR loci, the odds
that two random individuals would share the same genetic pattern by chance can be approximately 1in 10 billion. In the
case shown here, individuals A and C can be eliminated from further enquiries, whereas individual B remains a clear
suspect for committing the crime. A similar approach is now routinely used for paternity testing.
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548 Chapter 8: Manipulating Proteins, DNA, and RNA

Figure 8-48 Production of large amounts of a protein from a protein- _double-stranded
coding DNA sequence cloned into an expression vector and introduced plasmid DNA expression vector

into cells. A plasmid vector has been engineered to contain a highly active
promoter, which causes unusually large amounts of mRNA to be produced < ’
from an adjacent protein-coding gene inserted into the plasmid vector.

Depending on the characteristics of the cloning vector, the plasmid is prom(g
introduced into bacterial, yeast, insect, or mammalian cells, where the sequence . oA WITH |
inserted gene is efficiently transcribed and translated into protein. RESTRICTION NUCLEASE

designed to add a molecular tag—a cluster of histidine residues or a small « »

marker protein—to the expressed protein to allow easy purification by affinity

chromatography (see Figure 8-16). A variety of expression vectors are available, COS:\,{ISCEFSNT?;SB\ENCE
each engineered to function in the type of cell in which the protein is to be —
made. In this way, cells can be induced to make vast quantities of medically use-

ful proteins—such as human insulin and growth hormone, interferon, and viral

antigens for vaccines. More generally, these methods make it possible to pro- « »
duce every protein—even those that may be present in only a few copies per

cell—in large enough amounts to be used in the kinds of detailed structural and INTRODUCE '

functional studies that we discussed earlier. REC?,\'}"T‘?)'NCAE':ITSDNA
DNA technology also can produce large amounts of any RNA molecule

whose gene has been isolated. Studies of RNA splicing, protein synthesis, and
RNA-based enzymes, for example, are greatly facilitated by the availability of « »
pure RNA molecules. Most RNAs are present in only tiny quantities in cells, and

they are very difficult to purify away from other cell components—especially ¥
from the many thousands of other RNAs present in the cell. But any RNA of —
interest can be synthesized efficiently in vitro by transcription of its DNA 2
sequence (produced by one of the methods just described) with a highly effi- “00 : L
cient viral RNA polymerase. The single species of RNA produced is then easily
purified away from the DNA template and the RNA polymerase. overexpressed P —

mMRNA protein
Proteins and Nucleic Acids Can Be Synthesized Directly by
Chemical Reactions
Chemical reactions have been devised to synthesize directly specific sequences
of amino acids or nucleic acids. These methodologies provide direct sources of
biological molecules and do not rely on any cells or enzymes. Chemical synthe-

time at

sis is the method of choice for obtaining nucleic acids in the range of 100 oo
nucleotides or fewer, which are particularly useful in the PCR-based approaches 25°C ————>
discussed above. Chemical synthesis is also routinely used to produce specific
peptides that, when chemically coupled to other proteins, are used to generate
antibodies against the peptide.

— - -
DNA Can Be Rapidly Sequenced < ? ' ~ helicase
Methods that allow the nucleotide sequence of any DNA fragment to be deter- P v - e -
mined simply and quickly have made it possible to determine the DNA %_ - . -
sequences of tens of thousands of genes, and many complete genomes (see % - - -
Table 1-1, p. 18). The volume of DNA sequence information is now so large - -
(many tens of billions of nucleotides) that powerful computers must be used to © -4
store and analyze it. § .
o
o & -
Figure 8-49 Production of large amounts of a protein by using a plasmid N
expression vector. In this example, bacterial cells have been transfected - e -
with the coding sequence for an enzyme, DNA helicase; transcription from l = i E 3
this coding sequence is under the control of a viral promoter that becomes - - -
active only at temperatures of 37°C or higher. The total cell protein has - : ‘ :
been analyzed by SDS polyacrylamide-gel electrophoresis, either from = & 4 &

bacteria grown at 25°C (no helicase protein made) or after a shift of the
same bacteria to 42°C for up to 2 hours (helicase protein has become the
most abundant protein species in the lysate). (Courtesy of Jack Barry.)
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Large-volume DNA sequencing was made possible through the develop-
ment in the mid-1970s of the dideoxy method for sequencing DNA, which is
based on in vitro DNA synthesis performed in the presence of chain-terminat-
ing dideoxyribonucleoside triphosphates (Figure 8-50).

) deoxyribonucleoside triphosphate

, &

PP P—O—CH, O

3’ OH

allows strand extension at 3" end

dideoxyribonucleoside triphosphate

, &
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Figure 8-50 The enzymatic—or dideoxy—
method of sequencing DNA. (A) This method
relies on the use of dideoxyribonucleoside
triphosphates, derivatives of the normal
deoxyribonucleoside triphosphates that lack
the 3" hydroxyl group. (B) Purified DNA is
synthesized in vitro in a mixture that contains
single-stranded molecules of the DNA to be
sequenced (gray), the enzyme DNA
polymerase, a short primer DNA (orange) to
enable the polymerase to start DNA synthesis,
and the four deoxyribonucleoside
triphosphates (dATP, dCTP, dGTP, dTTP: blue A,
C, G, andT). If a dideoxyribonucleotide analog
(red) of one of these nucleotides is also
present in the nucleotide mixture, it can
become incorporated into a growing DNA
chain. Because this chain now lacks a 3" OH
group, the addition of the next nucleotide is
blocked, and the DNA chain terminates at that
point. In the example illustrated, a small
amount of dideoxyATP (ddATP, symbolized
here as a red A) has been included in the
nucleotide mixture. It competes with an
excess of the normal deoxyATP (dATP, blue A),
so that ddATP is occasionally incorporated, at
random, into a growing DNA strand. This
reaction mixture will eventually produce a set
of DNAs of different lengths complementary
to the template DNA that is being sequenced
and terminating at each of the different As.
The exact lengths of the DNA synthesis
products can then be used to determine the
position of each A in the growing chain. (C) To
determine the complete sequence of a DNA
fragment, the double-stranded DNA is first
separated into its single strands and one of
the strands is used as the template for
sequencing. Four different chain-terminating
dideoxyribonucleoside triphosphates (ddATP,
ddCTP, ddGTP, ddTTP, again shown in red) are
used in four separate DNA synthesis reactions
on copies of the same single-stranded DNA
template (gray). Each reaction produces a set
of DNA copies that terminate at different
points in the sequence. The products of these
four reactions are separated by
electrophoresis in four parallel lanes of a
polyacrylamide gel (labeled here A, T, C, and
G). The newly synthesized fragments are
detected by a label (either radioactive or
fluorescent) that has been incorporated either
into the primer or into one of the
deoxyribonucleoside triphosphates used to
extend the DNA chain. In each lane, the bands
represent fragments that have terminated at a
given nucleotide (e.g., A in the leftmost lane)
but at different positions in the DNA. By
reading off the bands in order, starting at the
bottom of the gel and working across all
lanes, the DNA sequence of the newly
synthesized strand can be determined. The
sequence is given in the green arrow to the
right of the gel. This sequence is
complementary to the template strand (gray)
from the original double-stranded DNA
molecule, and identical to a portion of the
green 5’-to-3’ strand.
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180 150
C TGATTTTCAARAATAEALCATGLEGA

Although the same basic method is still used today, many improvements
have been made. DNA sequencing is now completely automated: robotic
devices mix the reagents and then load, run, and read the order of the nucleotide
bases from the gel. Chain-terminating nucleotides that are each labeled with a
different colored fluorescent dye facilitate these tasks; in this case, all four syn-
thesis reactions can be performed in the same tube, and the products can be
separated in a single lane of a gel. A detector positioned near the bottom of the
gel reads and records the color of the fluorescent label on each band as it passes
through a laser beam (Figure 8-51). A computer then reads and stores this
nucleotide sequence. Some modern systems dispense with the traditional gel
entirely, separating nucleic acids by capillary electrophoresis, a method that
facilitates rapid automation.

Nucleotide Sequences Are Used to Predict the Amino Acid
Sequences of Proteins

Now that DNA sequencing is so rapid and reliable, it has become the preferred
method for determining, indirectly, the amino acid sequences of most proteins.
Given a nucleotide sequence that encodes a protein, the procedure is quite
straightforward. Although in principle there are six different reading frames in
which a DNA sequence can be translated into protein (three on each strand), the
correct one is generally recognizable as the only one lacking frequent stop
codons (Figure 8-52). As we saw when we discussed the genetic code in Chap-

(A) reading direction for sequence of top DNA strand —

[3 N- ile leu phe arg val ile arg pro [l thr arg asn phe thr [l arg -C
reading | » N- tyr phe ile ser ser asn ser thr leu asn ala lys leu his leu thr -C
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3 AATAAAATAAAGCTCATTAAGCTGGAATTTGCGCTTTGAAGTGAATTG 5
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500 base pairs

Figure 8-51 Automated DNA
sequencing. Shown at the bottom is a
tiny part of the raw data from an
automated DNA-sequencing run as it
appears on the computer screen. Each
prominant colored peak represents a
nucleotide in the DNA sequence—a clear
stretch of nucleotide sequence can be
read here between positions 173 and 194
from the start of the sequence. The small
peaks along the baseline represent
background “noise” and, as long as they
are much lower than the “signal” peaks,
they are ignored. This particular example
is taken from the international project
that determined the complete nucleotide
sequence of the genome of the plant
Arabidopsis. (Courtesy of George
Murphy.)

Figure 8-52 Finding the regions in a DNA
sequence that encode a protein. (A) Any
region of the DNA sequence can, in
principle, code for six different amino acid
sequences, because any one of three
different reading frames can be used to
interpret the nucleotide sequence on each
strand. Note that a nucleotide sequence is
always read in the 5-to-3’ direction and
encodes a polypeptide from the
N-terminus to the C-terminus. For a
random nucleotide sequence read in a
particular frame, a stop signal for protein
synthesis is encountered, on average,
about once every 20 amino acids. In this
sample sequence of 48 base pairs, each
such signal (stop codon) is colored blue,
and only reading frame 2 lacks a stop
signal. (B) Search of a 1700 base-pair DNA
sequence for a possible protein-encoding
sequence. The information is displayed as
in (A), with each stop signal for protein
synthesis denoted by a blue line. In
addition, all of the regions between
possible start and stop signals for protein
synthesis (see p. 381) are displayed as red
bars. Only reading frame 1 actually
encodes a protein, which is 475 amino
acid residues long.
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ter 6, a random sequence of nucleotides, read in frame, will encode a stop signal
for protein synthesis about once every 20 amino acids. Nucleotide sequences
that encode a stretch of amino acids much longer than this are candidates for
presumptive exons, and they can be translated (by computer) into amino acid
sequences and checked against databases for similarities to known proteins
from other organisms. If necessary, a limited amount of amino acid sequence
can then be determined from the purified protein to confirm the sequence pre-
dicted from the DNA.

The problem comes, however, in determining which nucleotide
sequences—within a whole genome—represent genes that encode proteins.
Identifying genes is easiest when the DNA sequence is from a bacterial or
archaeal chromosome, which lacks introns, or from a cDNA clone. The location
of genes in these nucleotide sequences can be predicted by examining the DNA
for certain distinctive features (discussed in Chapter 6). Briefly, these genes that
encode proteins are identified by searching the nucleotide sequence for open
reading frames (ORFs) that begin with an initiation codon, usually ATG, and end
with a termination codon, TAA, TAG, or TGA. To minimize errors, computers
used to search for ORFs are often directed to count as genes only those
sequences that are longer than, say, 100 codons in length.

For more complex genomes, such as those of animals and plants, the pres-
ence of large introns embedded within the coding portion of genes complicates
the process. In many multicellular organisms, including humans, the average
exon is only 150 nucleotides long. Thus one must also search for other features
that signal the presence of a gene, for example, sequences that signal an
intron/exon boundary or distinctive upstream regulatory regions. Recent efforts
to solve the exon prediction problem have turned to artificial intelligence algo-
rithms, in which the computer learns, based on known examples, what sets of
features are most indicative of an exon boundary.

A second major approach to identifying the coding regions in chromosomes
is through the characterization of the nucleotide sequences of the detectable
mRNAs (using the corresponding cDNAs). The mRNAs (and the cDNAs produced
from them) lack introns, regulatory DNA sequences, and the nonessential
“spacer” DNA that lies between genes. It is therefore useful to sequence large
numbers of cDNAs to produce a very large database of the coding sequences of an
organism. These sequences are then readily used to distinguish the exons from the
introns in the long chromosomal DNA sequences that correspond to genes.

The Genomes of Many Organisms Have Been Fully Sequenced

Owing in large part to the automation of DNA sequencing, the genomes of many
organisms have been fully sequenced; these include plant chloroplasts and ani-
mal mitochondria, large numbers of bacteria, and archaea, and many of the
model organisms that are studied routinely in the laboratory, including many
yeasts, a nematode worm, the fruit fly Drosophila, the model plant Arabidopsis,
the mouse, dog, chimpanzee, and, last but not least, humans. Researchers have
also deduced the complete DNA sequences for a wide variety of human
pathogens. These include the bacteria that cause cholera, tuberculosis, syphilis,
gonorrhea, Lyme disease, and stomach ulcers, as well as hundreds of viruses—
including smallpox virus and Epstein-Barr virus (which causes infectious
mononucleosis). Examination of the genomes of these pathogens provides clues
about what makes them virulent and will also point the way to new and more
effective treatments.

Haemophilus influenzae (a bacterium that can cause ear infections and
meningitis in children) was the first organism to have its complete genome
sequence—all 1.8 million nucleotide pairs—determined by the shotgun
sequencing method, the most common strategy used today. In the shotgun
method, long sequences of DNA are broken apart randomly into many shorter
fragments. Each fragment is then sequenced and a computer is used to order
these pieces into a whole chromosome or genome, using sequence overlap to
guide the assembly. The shotgun method is the technique of choice for
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sequencing small genomes. Although larger, more repetitive genome sequences
are more challenging to assemble, the shotgun method—in combination with
the analysis of large DNA fragments cloned in BACs—has played a key role in
their sequencing as well.

With new sequences appearing at a steadily accelerating pace in the scien-
tific literature, comparison of the complete genome sequences of different
organisms allows us to trace the evolutionary relationships among genes and
organisms, and to discover genes and predict their functions (discussed in
Chapters 3 and 4). Assigning functions to genes often involves comparing their
sequences with related sequences from model organisms that have been well
characterized in the laboratory, such as the bacterium E. coli, the yeasts S. cere-
visiae and S. pombe, the nematode worm C. elegans, and the fruit fly Drosophila
(discussed in Chapter 1).

Although the organisms whose genomes have been sequenced share many
biochemical pathways and possess many proteins that are homologous in their
amino acid sequence or structure, the functions of a very large number of newly
identified proteins remain unknown. Depending on the organism, some 15-40%
of the proteins encoded by a sequenced genome do not resemble any protein
that has been studied biochemically. This observation underscores a limitation
of the emerging field of genomics: although comparative analysis of genomes
reveals a great deal of information about the relationships between genes and
organisms, it often does not provide immediate information about how these
genes function, or what roles they have in the physiology of an organism. Com-
parison of the full gene complement of several thermophilic bacteria, for exam-
ple, does not reveal why these bacteria thrive at temperatures exceeding 70°C.
And examination of the genome of the incredibly radioresistant bacterium
Deinococcus radiodurans does not explain how this organism can survive a blast
of radiation that can shatter glass. Further biochemical and genetic studies, like
those described in the other sections of this chapter, are required to determine
how genes, and the proteins they produce, function in the context of living
organisms.

Summary

DNA cloning allows a copy of any specific part of a DNA or RNA sequence to be selected
from the millions of other sequences in a cell and produced in unlimited amounts in
pure form. DNA sequences can be amplified after cutting chromosomal DNA with a
restriction nuclease and inserting the resulting DNA fragments into the chromosome
of a self-replicating genetic element such as a virus or a plasmid. Plasmid vectors are
generally used, and the resulting “genomic DNA library” is housed in millions of bac-
terial cells, each carrying a different cloned DNA fragment. Individual cells from this
library that are allowed to proliferate produce large amounts of a single cloned DNA
fragment. The polymerase chain reaction (PCR) allows DNA cloning to be performed
directly with a thermostable DNA polymerase—provided that the DNA sequence of
interest is already known.

The procedures used to obtain DNA clones that correspond in sequence to mRNA
molecules are the same except that a DNA copy of the mRNA sequence, called cDNA, is
first made. Unlike genomic DNA clones, cDNA clones lack intron sequences, making
them the clones of choice for analyzing the protein product of a gene.

Nucleic acid hybridization reactions provide a sensitive means of detecting a gene
or any other nucleotide sequence of interest. Under stringent hybridization conditions
(a combination of solvent and temperature at which even a perfect double helix is
barely stable), two strands can pair to form a “hybrid” helix only if their nucleotide
sequences are almost perfectly complementary. The enormous specificity of this
hybridization reaction allows any single-stranded sequence of nucleotides to be
labeled with a radioisotope or chemical and used as a probe to find a complementary
partner strand, even in a cell or cell extract that contains millions of different DNA and
RNA sequences. Probes of this type are widely used to detect the nucleic acids corre-
sponding to specific genes, both to facilitate their purification and characterization,
and to localize them in cells, tissues, and organisms.
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The nucleotide sequence of DNA can be determined rapidly and simply by using
highly automated techniques based on the dideoxy method for sequencing DNA. This
technique has made it possible to determine the complete DNA sequences of the
genomes of many organisms. Comparison of the genome sequences of different organ-
isms allows us to trace the evolutionary relationships among genes and organisms,
and it has proved valuable for discovering new genes and predicting their functions.

Taken together, these techniques for analyzing and manipulating DNA have made
it possible to identify, isolate, and sequence genes from any organism of interest.
Related technologies allow scientists to produce the protein products of these genes in
the large quantities needed for detailed analyses of their structure and function, as
well as for medical purposes.

STUDYING GENE EXPRESSION AND FUNCTION

Ultimately, one wishes to determine how genes—and the proteins they
encode—function in the intact organism. Although it may seem counterintu-
itive, one of the most direct ways to find out what a gene does is to see what hap-
pens to the organism when that gene is missing. Studying mutant organisms
that have acquired changes or deletions in their nucleotide sequences is a time-
honored practice in biology and forms the basis of the important field of genet-
ics. Because mutations can disrupt cell processes, mutants often hold the key to
understanding gene function. In the classical genetic approach, one begins by
isolating mutants that have an interesting or unusual appearance: fruit flies with
white eyes or curly wings, for example. Working backward from the
phenotype—the appearance or behavior of the individual—one then deter-
mines the organism’s genotype, the form of the gene responsible for that char-
acteristic (Panel 8-1).

Today, with numerous genome sequences available, the exploration of gene
function often begins with a DNA sequence. Here, the challenge is to translate
sequence into function. One approach, discussed earlier in the chapter, is to
search databases for well-characterized proteins that have similar amino acid
sequences to the protein encoded by a new gene, and from there employ some of
the methods described in the previous section to explore the gene’s function fur-
ther. But to determine directly a gene’s function in a cell or organism, the most
effective approach involves studying mutants that either lack the gene or express
an altered version of it. Determining which cell processes have been disrupted or
compromised in such mutants will usually shed light on a gene’s biological role.

In this section, we describe several approaches to determining a gene’s func-
tion, starting from a DNA sequence or an organism with an interesting pheno-
type. We begin with the classical genetic approach, which starts with a genetic
screen for isolating mutants of interest and then proceeds toward identification
of the gene or genes responsible for the observed phenotype. We then describe
the set of techniques that are collectively called reverse genetics, in which one
begins with a gene or gene sequence and attempts to determine its function.
This approach often involves some intelligent guesswork—searching for homol-
ogous sequences and determining when and where a gene is expressed—as well
as generating mutant organisms and characterizing their phenotype.

Classical Genetics Begins by Disrupting a Cell Process by Random
Mutagenesis

Before the advent of gene cloning technology, most genes were identified by the
abnormalities produced when the gene was mutated. This classical genetic
approach—identifying the genes responsible for mutant phenotypes—is most
easily performed in organisms that reproduce rapidly and are amenable to
genetic manipulation, such as bacteria, yeasts, nematode worms, and fruit flies.
Although spontaneous mutants can sometimes be found by examining
extremely large populations—thousands or tens of thousands of individual
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554 PANEL 8-1: Review of Classical Genetics

GENES AND PHENOTYPES

Gene: a functional unit of inheritance, usually corresponding
to the segment of DNA coding for a single protein.
Genome: all of an organism’s DNA sequences.

locus: the site of th(T gene in the genome
w 7
alleles: alternative forms of a gene

N
< v/
homozygous A/A

» A
- ¢ N
Wild-type: the normal,

naturally occurring type

heterozygous a/A

\\'/ d&

2

Mutant: differing from the
wild-type because of a genetic
change (a mutation)

homozygous a/a

GENOTYPE: the specific set of

o
alleles forming the genome of

72 ~

an individual

PHENOTYPE: the visible
character of the individual

0

Onadt’,

»- > ' [\
v 4q v e ~
allele A is dominant (relative to a); allele a is recessive (relative to A)

In the example above, the phenotype of the heterozygote is the same as that of one of the
homozygotes; in cases where it is different from both, the two alleles are said to be co-dominant.

a chromosome at the beginning of the cell
cycle, in G4 phase; the single long bar
represents one long double helix of DNA

CHROMOSOMES

centromere

&
short “p” arm long “q” arm
a chromosome near the end of the cell cycle, in
metaphase; it is duplicated and condensed, consisting of
U two identical sister chromatids (each containing one
DNA double helix) joined at the centromere.

\
short Iong/

u u

p” arm q” arm A normal diploid chromosome set, as
seen in a metaphase spread,
prepared by bursting open a cell at
o metaphase and staining the scattered
chromosomes. In the example shown
schematically here, there are three
o] pairs of autosomes (chromosomes
paternal 3 inherited symmetrically from
both parents, regardless of sex) and
two sex chromosomes—an X from
the mother and a Y from the father.
The numbers and types of sex
chromosomes and their role in sex
determination are variable from one
class of organisms to another, as is
the number of pairs of autosomes.

pair of
autosomes

maternal 1

aternal 1
p N maternal 3

paternal 2 |

maternal 2

sex chromosomes

MEIOSIS AND GENETIC RECOMBINATION <omotype Ab

maternal chromosome
oI |
A B MEIOSIS AND

paternal chromosome RECOMEINATION

I a/ b genotype aB

diploid germ cell

genotype AB

o ==
A b

site of crossing-over

b haploid gametes (eggs or sperm)

THE HAPLOID-DIPLOID CYCLE
OF SEXUAL REPRODUCTION

N
&=

I DIPLOID I

MEIOSIS

]

¥
HAPLOID

spe
S A

| SEXUAL FUSION (FERTILIZATION) |

DIPLOID

maternal
chromosome

paternal
chromosome

For simplicity, the cycle is shown for only
one chromosome/chromosome pair.

The greater the distance
between two loci on a single
chromosome, the greater is the
chance that they will be
separated by crossing over
occurring at a site between
them. If two genes are thus
reassorted in x% of gametes,
they are said to be separated on
a chromosome by a genetic map
distance of x map units (or

X centimorgans).
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TYPES OF MUTATIONS

[ |
f v

[0 ]

POINT MUTATION: maps to a single site in the genome,

corresponding to a single nucleotide pair or a very
small part of a single gene

@ 2 _ 1D

e aee v
o —
INVERSION: inverts a segment of a chromosome

lethal mutation: causes the developing organism to die
prematurely.

conditional mutation: produces its phenotypic effect only
under certain conditions, called the restrictive conditions.
Under other conditions—the permissive conditions—the

effect is not seen. For a temperature-sensitive mutation, the
restrictive condition typically is high temperature, while the

permissive condition is low temperature.

loss-of-function mutation: either reduces or abolishes the
activity of the gene. These are the most common class of
mutations. Loss-of-function mutations are usually
recessive—the organism can usually function normally as
long as it retains at least one normal copy of the affected
gene.

null mutation: a loss-of-function mutation that completely
abolishes the activity of the gene.

TWO GENES OR ONE?

Given two mutations that produce the same phenotype, how can

we tell whether they are mutations in the same gene? If the

mutations are recessive (as they most often are), the answer can

be found by a complementation test.

COMPLEMENTATION:
MUTATIONS IN TWO DIFFERENT GENES

homozygous mutant mother homozygous mutant father

hybrid offspring shows normal phenotype:
one normal copy of each gene is present

Tm

DELETION: deletes a segment of a chromosome

*%ld-

ey |
TRANSLOCATION: breaks off a segment from one
chromosome and attaches it to another

gain-of-function mutation: increases the activity of the gene
or makes it active in inappropriate circumstances; these
mutations are usually dominant.

dominant-negative mutation: dominant-acting mutation that
blocks gene activity, causing a loss-of-function phenotype
even in the presence of a normal copy of the gene. This
phenomenon occurs when the mutant gene product
interferes with the function of the normal gene product.
suppressor mutation: suppresses the phenotypic effect of
another mutation, so that the double mutant seems normal.
An intragenic suppressor mutation lies within the gene
affected by the first mutation; an extragenic suppressor
mutation lies in a second gene—often one whose product
interacts directly with the product of the first.

In the simplest type of complementation test, an individual who
is homozygous for one mutation is mated with an individual
who is homozygous for the other. The phenotype of the
offspring gives the answer to the question.

NONCOMPLEMENTATION:
TWO INDEPENDENT MUTATIONS IN THE SAME GENE

homozygous mutant mother homozygous mutant father

\

e

e

Bhoe A
A -
A
hybrid offspring shows mutant phenotype:
no normal copies of the mutated gene are present
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organisms—isolating mutant individuals is much more efficient if one generates
mutations with chemicals or radiation that damage DNA. By treating organisms
with such mutagens, very large numbers of mutant individuals can be created
quickly and then screened for a particular defect of interest, as we discuss shortly.

An alternative approach to chemical or radiation mutagenesis is called
insertional mutagenesis. This method relies on the fact that exogenous DNA
inserted randomly into the genome can produce mutations if the inserted frag-
ment interrupts a gene or its regulatory sequences. The inserted DNA, whose
sequence is known, then serves as a molecular tag that aids in the subsequent
identification and cloning of the disrupted gene (Figure 8-53). In Drosophila,
the use of the transposable P element to inactivate genes has revolutionized the
study of gene function in the fly. Transposable elements (see Table 5-3, p. 318)
have also been used to generate mutations in bacteria, yeast, mice, and the flow-
ering plant Arabidopsis.

Such classical genetic studies are well suited for dissecting biological pro-
cesses in experimental organisms, but how can we study gene function in
humans? Unlike the genetically accessible organisms we have been discussing,
humans do not reproduce rapidly, and they cannot be intentionally treated with
mutagens. Moreover, any human with a serious defect in an essential process,
such as DNA replication, would die long before birth.

There are two main ways that we can study human genes. First, because
genes and gene functions have been so highly conserved throughout evolution,
the study of less complex model organisms reveals critical information about
similar genes and processes in humans. The corresponding human genes can
then be studied further in cultured human cells. Second, many mutations that
are not lethal—tissue-specific defects in lysosomes or cell-surface receptors, for
example—have arisen spontaneously in the human population. Analyses of the
phenotypes of the affected individuals, together with studies of their cultured
cells, have provided many unique insights into important human cell functions.
Although such mutations are rare, they are very efficiently discovered because of
a unique human property: the mutant individuals call attention to themselves
by seeking special medical care.

Genetic Screens Identify Mutants with Specific Abnormalities

Once a collection of mutants in a model organism such as yeast or fly has been
produced, one generally must examine thousands of individuals to find the
altered phenotype of interest. Such a search is called a genetic screen, and the
larger the genome, the less likely it is that any particular gene will be mutated.
Therefore, the larger the genome of an organism, the bigger the screening task
becomes. The phenotype being screened for can be simple or complex. Simple
phenotypes are easiest to detect: one can screen many organisms rapidly, for
example, for mutations that make it impossible for the organism to survive in
the absence of a particular amino acid or nutrient.

More complex phenotypes, such as defects in learning or behavior, may
require more elaborate screens (Figure 8-54). But even genetic screens that are
used to dissect complex physiological systems should be as simple as possible in
design, and, if possible, should permit the simultaneous examination of large
numbers of mutants. As an example, one particularly elegant screen was
designed to search for genes involved in visual processing in zebrafish. The basis
of this screen, which monitors the fishes’ response to motion, is a change in
behavior. Wild-type fish tend to swim in the direction of a perceived motion,
whereas mutants with defects in their visual processing systems swim in ran-
dom directions—a behavior that is easily detected. One mutant discovered in
this screen is called lakritz, which is missing 80% of the retinal ganglion cells that
help to relay visual signals from the eye to the brain. As the cellular organization
of the zebrafish retina is similar to that of all vertebrates, the study of such
mutants should also provide insights into visual processing in humans.

Because defects in genes that are required for fundamental cell processes—
RNA synthesis and processing or cell-cycle control, for example—are usually

Figure 8-53 Insertional mutant of the
snapdragon, Antirrhinum. A mutation in
a single gene coding for a regulatory
protein causes leafy shoots to develop in
place of flowers. The mutation allows
cells to adopt a character that would be
appropriate to a different part of the
normal plant. The mutant plant is on the
left, the normal plant on the right.
(Courtesy of Enrico Coen and

Rosemary Carpenter.)
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lethal, the functions of these genes are often studied in individuals with condi-
tional mutations. The mutant individuals function normally as long as “permis-
sive” conditions prevail, but demonstrate abnormal gene function when sub-
jected to “nonpermissive” (restrictive) conditions. In organisms with tempera-
ture-sensitive mutations, for example, the abnormality can be switched on and
off experimentally simply by changing the temperature; thus, a cell containing a
temperature-sensitive mutation in a gene essential for survival will die at a non-
permissive temperature but proliferate normally at the permissive temperature
(Figure 8-55). The temperature-sensitive gene in such a mutant usually con-
tains a point mutation that causes a subtle change in its protein product.

Many temperature-sensitive mutations were found in the bacterial genes
that encode the proteins required for DNA replication. The mutants were iden-
tified by screening populations of mutagen-treated bacteria for cells that stop
making DNA when they are warmed from 30°C to 42°C. These mutants were
later used to identify and characterize the corresponding DNA replication pro-
teins (discussed in Chapter 5). Similarly, screens for temperature-sensitive
mutations led to the identification of many proteins involved in regulating the
cell cycle, as well as many proteins involved in moving proteins through the
secretory pathway in yeast (see Panel 13-1). Related screening approaches
demonstrated the function of enzymes involved in the principal metabolic path-
ways of bacteria and yeast (discussed in Chapter 2) and identified many of the
gene products responsible for the orderly development of the Drosophila
embryo (discussed in Chapter 22).

Mutations Can Cause Loss or Gain of Protein Function

Gene mutations are generally classed as “loss of function” or “gain of function.”
A loss of function mutation results in a gene product that either does not work
or works too little; thus, it reveals the normal function of the gene. A gain of func-
tion mutation results in a gene product that works too much, works at the wrong
time or place, or works in a new way (Figure 8-56).

mutant cells proliferate
and form a colony at
the permissive
temperature

colonies replicated
onto two identical
plates and incubated
at two different
temperatures

mutant cells fail to
proliferate and form
a colony at the
nonpermissive
temperature

mutagenized cells
proliferate and form
colonies at 23°C

557

Figure 8-54 A behavioral phenotype
detected in a genetic screen. (A) Wild-
type C. elegans engage in social feeding.
The worms migrate around until they
encounter their neighbors and commence
feeding on bacteria. (B) Mutant animals
feed by themselves. (Courtesy of Cornelia
Bargmann, Cell 94: cover, 1998. With
permission from Elsevier.)

Figure 8-55 Screening for temperature-
sensitive bacterial or yeast mutants.
Mutagenized cells are plated out at the
permissive temperature. They divide and
form colonies, which are transferred to
two identical Petri dishes by replica
plating. One of these plates is incubated
at the permissive temperature, the other
at the nonpermissive temperature. Cells
containing a temperature-sensitive
mutation in a gene essential for
proliferation can divide at the normal,
permissive temperature but fail to divide
at the elevated, nonpermissive
temperature.

LCY Biotechnology Holding, Inc.

Ex. 1008
Page 215 of 240



558 Chapter 8: Manipulating Proteins, DNA, and RNA

conditional loss-
of-function mutation

gain-of-function

wild type loss-of-function mutation mutation

point mutation truncation 37°C

An important early step in the genetic analysis of any mutant cell or organ-
ism is to determine whether the mutation causes a loss or a gain of function. A
standard test is to determine whether the mutation is dominant or recessive. A
dominant mutation is one that still causes the mutant phenotype, in the pres-
ence of a single copy of the wild-type gene. A recessive mutation is one that is no
longer able to cause the mutant phenotype in the presence of a single wild-type
copy of the gene. Although cases have been described in which a loss-of-func-
tion mutation is dominant or a gain-of-function mutation is recessive, in the
vast majority of cases, recessive mutations are loss of function, and dominant
mutations are gain of function. It is easy to determine if a mutation is dominant
or recessive. One simply mates a mutant with a wild-type to obtain diploid cells
or organisms. The progeny from the mating will be heterozygous for the muta-
tion. If the mutant phenotype is no longer observed, one can conclude that the
mutation is recessive and is very likely to be a loss-of-function mutation.

Complementation Tests Reveal Whether Two Mutations Are in the
Same Gene or Different Genes

A large-scale genetic screen can turn up many different mutations that show the
same phenotype. These defects might lie in different genes that function in the
same process, or they might represent different mutations in the same gene.
Alternative forms of a gene are known as alleles. The most common difference
between alleles is a substitution of a single nucleotide pair, but different alleles
can also bear deletions, substitutions, and duplications. How can we tell, then,
whether two mutations that produce the same phenotype occur in the same
gene or in different genes? If the mutations are recessive—if, for example, they
represent a loss of function of a particular gene—a complementation test can
be used to ascertain whether the mutations fall in the same or in different genes.
To test complementation in a diploid organism, an individual that is homozy-
gous for one mutation—that is, it possesses two identical alleles of the mutant
gene in question—is mated with an individual that is homozygous for the other
mutation. If the two mutations are in the same gene, the offspring show the
mutant phenotype, because they still will have no normal copies of the gene in
question (see Panel 8-1). If, in contrast, the mutations fall in different genes, the
resulting offspring show a normal phenotype, because they retain one normal
copy (and one mutant copy) of each gene; the mutations thereby complement
one another and restore a normal phenotype. Complementation testing of
mutants identified during genetic screens has revealed, for example, that 5
genes are required for yeast to digest the sugar galactose, 20 genes are needed for
E. coli to build a functional flagellum, 48 genes are involved in assembling bac-
teriophage T4 viral particles, and hundreds of genes are involved in the devel-
opment of an adult nematode worm from a fertilized egg.

Genes Can Be Ordered in Pathways by Epistasis Analysis

Once a set of genes involved in a particular biological process has been identi-
fied, the next step is often to determine in which order the genes function. Gene
order is perhaps easiest to explain for metabolic pathways, where, for example,
enzyme A is necessary to produce the substrate for enzyme B. In this case, we
would say that the gene encoding enzyme A acts before (upstream of) the gene
encoding enzyme B in the pathway. Similarly, where one protein regulates the

Figure 8-56 Gene mutations that affect
their protein product in different ways.
In this example, the wild-type protein has
a specific cell function denoted by the
red rays. Mutations that eliminate this
function, increase the function, or render
the function sensitive to higher
temperatures are shown. The
temperature-sensitive conditional
mutant protein carries an amino acid
substitution (red) that prevents its proper
folding at 37°C, but allows the protein to
fold and function normally at 25°C. Such
conditional mutations are especially
useful for studying essential genes; the
organism can be grown under the
permissive condition and then moved to
the nonpermissive condition to study the
function of the gene.

LCY Biotechnology Holding, Inc.

Ex. 1008
Page 216 of 240



STUDYING GENE EXPRESSION AND FUNCTION

activity of another protein, we would say that the former gene acts before the lat-
ter. Gene order can, in many cases, be determined purely by genetic analysis
without any knowledge of the mechanism of action of the gene products
involved.

Suppose we have a biosynthetic process consisting of a sequence of steps,
such that performance of a step B is conditional on completion of the preceding
step A; and suppose gene A is required for step A, and gene B is required for step
B. Then a null mutation (a mutation that abolishes function) in gene A will arrest
the process at step A, regardless of whether gene B is functional or not, whereas
a null mutation in gene B will cause arrest at step B only if gene A is still active.
In such a case, gene A is said to be epistatic to gene B. By comparing the pheno-
types of the different combinations of mutations, we can therefore discover the
order in which the genes act. This type of analysis is called epistasis analysis. As
an example, the pathway of protein secretion in yeast has been analyzed in this
way. Different mutations in this pathway cause proteins to accumulate aber-
rantly in the endoplasmic reticulum (ER) or in the Golgi apparatus. When a yeast
cell is engineered to carry both a mutation that blocks protein processing in the
ER and a mutation that blocks processing in the Golgi apparatus, proteins accu-
mulate in the ER. This indicates that proteins must pass through the ER before
being sent to the Golgi before secretion (Figure 8-57). Strictly speaking, an epis-
tasis analysis can only provide information about gene order in a pathway when
both mutations are null alleles. When the mutations retain partial function, their
epistasis interactions can be difficult to interpret.

Sometimes, a double mutant will show a new or more severe phenotype
than either single mutant alone. This type of genetic interaction is called a syn-
thetic phenotype, and if the phenotype is death of the organism, it is called syn-
thetic lethality. In most cases, a synthetic phenotype indicates that the two genes
act in two different parallel pathways, either of which is capable of mediating the
same cell process. Thus, when both pathways are disrupted in the double
mutant, the process fails altogether, and the synthetic phenotype is observed.

Genes Identified by Mutations Can Be Cloned

Once the mutant organisms are produced in a genetic screen, the next task is
identifying the gene or genes responsible for the altered phenotype. If the phe-
notype has been produced by insertional mutagenesis, locating the disrupted
gene is fairly simple. DNA fragments containing the insertion (a transposon or a
retrovirus, for example) are collected and amplified by PCR, and the nucleotide
sequence of the flanking DNA is determined. Genome databases can then be
searched for open reading frames containing this flanking sequence.

If a DNA-damaging chemical was used to generate the mutations, identi-
fying the inactivated gene is often more laborious, but it can be accomplished
by several different approaches. In one, the first step is to experimentally
determine the gene’s location in the genome. To map a newly discovered gene,
its rough chromosomal location is first determined by assessing how far the
gene lies from other known genes in the genome. Estimating the distance
between genetic loci is usually done by linkage analysis, a technique that relies
on the tendency for genes that lie near one another on a chromosome to be
inherited together. Even closely linked genes, however, can be separated by

@) @
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Figure 8-57 Using genetics to
determine the order of function of
genes. In normal cells, secretory proteins
are loaded into vesicles, which fuse with
the plasma membrane to secrete their
contents into the extracellular medium.
Two mutants, A and B, fail to secrete
proteins. In mutant A, secretory proteins
accumulate in the ER. In mutant B,
secretory proteins accumulate in the
Golgi. In the double mutant AB, proteins
accumulate in the ER; this indicates that
the gene defective in mutant A acts
before the gene defective in mutant B in
the secretory pathway.
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recombination during meiosis. The larger the distance between two genetic loci,
the greater the chance that they will be separated by a crossover (see Panel 8-1).
By calculating the recombination frequency between two genes, the approxi-
mate distance between them can be determined. If the position of one gene in
the genome is known, that of the second gene can thereby be estimated.

Because genes are not always located close enough to one another to allow a
precise pinpointing of their position, linkage analyses often rely on physical
markers along the genome for estimating the location of an unknown gene. These
markers are generally short stretches of nucleotides, with a known sequence and
genome location, that can exist in at least two allelic forms. The simplest markers
are single-nucleotide polymorphisms (SNPs), short sequences that differ by one
nucleotide pair among individuals in a population. SNPs can be detected by
hybridization techniques. Many such physical markers, distributed all along the
length of chromosomes, have been collected for a variety of organisms. If the dis-
tribution of these markers is sufficiently dense, one can, through a linkage anal-
ysis that tests for the tight co-inheritance of one or more SNPs with the mutant
phenotype, narrow the potential location of a gene to a chromosomal region that
may contain only a few gene sequences. These are then considered candidate
genes, and their structure and function can be tested directly to determine which
gene is responsible for the original mutant phenotype.

Human Genetics Presents Special Problems and Opportunities

Although genetic experimentation on humans is considered unethical and is
legally banned, humans do suffer from a large variety of genetic disorders. The
linkage analysis described above can be used to identify the genes responsible
for these heritable conditions. Such studies require DNA samples from a large
number of families affected by the disease. These samples are examined for the
presence of physical markers such as SNPs that seem to be closely linked to the
disease gene, in that they are always inherited by individuals who have the dis-
ease and not by their unaffected relatives. The disease gene is then located as
described above (Figure 8-58). The genes for cystic fibrosis and Huntington’s
disease, for example, were discovered in this way.

chromosome pair in
mother with disease

same chromosome pair
in disease-free father

defective gene

causing disease\

SNP markeron — |
this copy of
chromosome only

egg + sperm

disease = + + = = + +

SNP marker ~ — + + = = + =
TESTS PERFORMED ON 7 CHILDREN

CONCLUSION: gene causing disease is co-inherited with SNP marker from diseased mother
in 75% of the diseased progeny. If this same correlation is observed in other families that
have been examined, the gene causing disease is mapped to this chromosome close to the
SNP. Note that an SNP that is either far away from the gene on the same chromosome or
located on a different chromosome from the gene of interest will be co-inherited only
50% of the time.

Figure 8-58 Genetic linkage analysis
using physical markers on DNA to find a
human gene. In this example, the
co-inheritance of a specific human
phenotype (here a genetic disease) with
an SNP marker. If individuals who inherit
the disease nearly always inherit a
particular SNP marker, then the gene
causing the disease and the SNP are likely
to be close together on the chromosome,
as shown here. To prove that an observed
linkage is statistically significant,
hundreds of individuals may need to be
examined. Note that the linkage will not
be absolute unless the SNP marker is
located in the gene itself. Thus,
occasionally the SNP will be separated
from the disease gene by crossing over
during meiosis in the formation of the
egg or sperm: this has happened in the
case of the chromosome pair on the far
right. When working with a sequenced
genome, this procedure would be
repeated with SNPs located on either side
of the initial SNP, until a 100%
co-inheritance is found.

Note that the egg and sperm will each
contribute only one chromosome of each
pair from the parent to the child.
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Human Genes Are Inherited in Haplotype Blocks, Which Can Aid
in the Search for Mutations That Cause Disease

With the complete human genome sequence in hand, we can now study
human genetics in a way that was impossible only a few years ago. For exam-
ple, we can begin to identify those DNA differences that distinguish one indi-
vidual from another. No two humans (with the exception of identical twins)
have the same genome. Each of us carries a set of polymorphisms—differences
in nucleotide sequence—that make us unique. These polymorphisms can be
used as markers for building genetic maps and performing genetic analyses to
link particular polymorphisms with specific diseases or predispositions to dis-
ease.

The problem is that any two humans typically differ by about 0.1% in their
nucleotide sequences (approximately one nucleotide difference every 1000
nucleotides). This translates to about 3 million differences between one per-
son and another. Theoretically, one would need to search through all 3 million
of those polymorphisms to identify the one or two that are responsible for a
particular heritable disease or disease predisposition. To reduce the number of
polymorphisms we need to examine, researchers are taking advantage of the
recent discovery that human genes tend to be inherited in blocks.

The human species is relatively young, and it is thought that we are
descended from a relatively small population of individuals who lived in Africa
about 100,000 years ago. Because only a few thousand generations separate us
from this ancestral population, large segments of human chromosomes have
passed from parent to child unaltered by the recombination events that occur in
meiosis. In fact, we observe that certain sets of alleles (including SNPs) are
inherited in large blocks within chromosomes. These ancestral chromosome
segments—sets of alleles that have been inherited in clusters with little genetic
rearrangement across the generations—are called haplotype blocks. Like genes,
SNPs, and other genetic markers—which exist in different alleleic forms—hap-
lotype blocks also come in a limited number of “flavors” that are common in the
human population, each of which represents an allele combination passed
down from a shared ancestor long ago.

Researchers are now constructing a human genome map based on these
haplotype blocks—called a haplotype map (hapmap). Geneticists hope that
the human haplotype map will make the search for disease-causing and dis-
ease-susceptibility genes a much more manageable task. Instead of searching
through each of the many millions of SNPs in the human population, one need
only search through a considerably smaller set of selected SNPs to identify the
haplotype block that appears to be inherited by individuals with the disease.
(These searches still involve DNA samples from large numbers of people, and
SNPs are now typically scored using robotic technologies.) If a specific haplo-
type block is more common among people with the disease than in unaffected
individuals, the mutation linked to that disease will likely be located in that
same segment of DNA (Figure 8-59). Researchers can then zero in on the spe-
cific region within the block to search for the specific gene associated with the
disease. This approach should, in principle, allow one to analyze the genetics
of those common diseases in which multiple genes confer susceptibility.

A detailed examination of haplotype blocks can even tell us whether a par-
ticular allele has been favored by natural selection. As a rule, when a new allele
of a gene arises that does not confer a selective advantage on the individual, it
will take a long time for that allele to become common in the population. The
more common—and therefore older—such an allele is, the smaller should be
the haplotype block that surrounds it, because it will have had many chances of
being separated from its neighboring variations by the recombination events
that occur in meiosis generation after generation.

A new allele may quickly spread in a population, however, if it confers some
dramatic advantage on the organism. For example, mutations or variations that
make an organism more resistant to an infection might be selected for because
organisms with this variation would be more likely to survive and pass the
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mutation on to their offspring. Working with haplotype maps of individual
genes, researchers have detected such positive selection for two human genes
that confer resistance to malaria. The alleles that confer resistance are
widespread in the population, but they are embedded in unusually large haplo-
type blocks, suggesting that they rose to prominence recently in the human gene
pool (Figure 8-60).

In revealing the paths along which humans evolved, the human haplotype
map provides a new window into our past; in helping us discover the genes that
make us susceptible or resistant to disease, the map may also provide a rough
guide to our individual futures.
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Figure 8-59 Tracing the inheritance of
SNPs within haplotype blocks to reveal
the location of a disease-causing gene.
An ancestor who acquires a disease-
causing mutation in gene 1 will pass that
mutation along to his or her descendants.
Part of this gene is embedded within a
haplotype block (red shading)—a cluster of
variations (about 30 SNPs) that have been
passed along from the ancestor in a
continuous chunk. In the 400 generations
that separate the ancestor from modern
descendants with the disease, SNPs
located over most of the ancestral
200,000-nucleotide-pair region shown
have been shuffled by meiotic
recombination in the descendant genome
(blue). (Note that the overlap of yellow and
red is seen as orange, and the overlap of
yellow and blue is seen as green.) The 30
SNPs within the haplotype block, however,
have been inherited as a group, as no
crossover events have yet separated them.
To locate a gene that causes the inherited
disease, the SNP patterns in a number of
people who have the disease need to be
analyzed. An individual with the disease
will retain the ancestral pattern of SNPs
located within the haplotype block shown,
revealing that the disease-causing
mutation is likely to lie within that
haplotype block—thus in gene 1. The
beauty of using haplotype maps for this
type of linkage analysis is that only a
fraction of the total SNPs need to be
examined: one should be able to locate
genes after searching through only about
10% of the 3 million useful SNPs present in
the human genome.

Figure 8-60 Identification of alleles that
have been selected for in fairly recent
human history by the unusually large
haplotype blocks in which they are
embedded. The SNPs are indicated in this
diagram by vertical bars, which are shown
as white or black according to their DNA
sequence. Haplotype blocks are shaded in
red, genes in yellow, and the rest of the
chromosome in blue. These data suggest
that this particular allele of gene 2 arose
relatively recently in human history.
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Complex Traits Are Influenced by Multiple Genes

A concert pianist might have an aunt who plays the violin. In another family, the
parents and the children might all be fat. In a third family, the grandmother
might be an alcoholic, and her grandson might abuse drugs. To what extent are
such characteristics—musical ability, obesity, and addiction—inherited geneti-
cally? This is a very difficult question to answer. Some traits or diseases “run in
families” but appear in only a few relatives or with no easily discernible pattern.

Characteristics that do not follow simple (sometimes called Mendelian) pat-
terns of inheritance but have a genetically inherited component are termed
complex traits. These traits are often polygenic; that is, they are influenced by
multiple genes, each of which makes a small contribution to the phenotype in
question. The effects of these genes are additive, which means that, together,
they produce a continuum of varying features within the population. Individu-
ally, the genes that contribute to a polygenic trait are distributed to offspring in
simple patterns, but because they all influence the phenotype, the pattern of
traits inherited by offspring is often highly complex.

A simple example of a polygenic trait is eye color, which is determined by
enzymes that control the distribution and production of the pigment melanin:
the more melanin produced, the darker the eye color. Because numerous genes
contribute to the formation of melanin, eye color in humans shows enormous
variation, from the palest gray to a dark chocolate brown.

Although diseases based on mutations in single genes (for example, sickle-
cell anemia and hemophilia) were some of the earliest recognized human inher-
ited phenotypes, only a small fraction of human traits are dictated by single
genes. The most obvious human phenotypes—from height, weight, eye color,
and hair color to intelligence, temperament, sociability, and humor—arise from
the interaction of many genes. Multiple genes also almost certainly underlie a
propensity for the most common human diseases: diabetes, heart disease, high
blood pressure, allergies, asthma, and various mental illnesses, including major
depression and schizophrenia. Researchers are exploring new strategies—
including the use of the haplotype maps discussed earlier—to understand the
complex interplay between genes that act together to determine many of our
most “human” traits.

Reverse Genetics Begins with a Known Gene and Determines
Which Cell Processes Require Its Function

As we have seen, classical genetics starts with a mutant phenotype (or, in the
case of humans, a range of characteristics) and identifies the mutations (and
consequently the genes) responsible for it. Recombinant DNA technology, in
combination with genome sequencing, has made possible a different type of
genetic approach. Instead of beginning with a mutant organism and using it to
identify a gene and its protein, an investigator can start with a particular gene
and proceed to make mutations in it, creating mutant cells or organisms so as to
analyze the gene’s function. Because this approach reverses the traditional
direction of genetic discovery—proceeding from genes to mutations, rather
than vice versa—it is commonly referred to as reverse genetics.

Reverse genetics begins with a cloned gene, a protein with interesting
properties that has been isolated from a cell, or simply a genome sequence. If
the starting point is a protein, the gene encoding it is first identified and, if
necessary, its nucleotide sequence is determined. The gene sequence can then
be altered in vitro to create a mutant version. This engineered mutant gene,
together with an appropriate regulatory region, is transferred into a cell where
it can integrate into a chromosome, becoming a permanent part of the cell’s
genome. All of the descendants of the modified cell will now contain the
mutant gene.

If the original cell used for the gene transfer is a fertilized egg, whole multi-
cellular organisms can be obtained that contain the mutant gene, provided that
the mutation does not cause lethality. In some of these animals, the altered gene
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will be incorporated into the germ cells—a germ-line mutation—allowing the
mutant gene to be passed on to their progeny.

Genes Can Be Engineered in Several Ways

We have seen that mutant organisms lacking a particular gene may quickly
reveal the function of the protein it encodes. For this reason, a gene “knock-
out”—in which both copies of the gene in a diploid organism have been inacti-
vated or deleted—is a particularly useful type of mutation. However, there are
many more types of genetic alterations available to the experimenter. For exam-
ple, by altering the regulatory region of a gene before it is reintegrated into the
genome, one can create mutant organisms in which the gene product is
expressed at abnormally high levels, in the wrong tissue, or at the wrong time in
development (Figure 8-61). By placing the gene under the control of an
inducible promoter, the gene can be switched on or off at any time, and the
effects observed. Inducible promoters that function in only a specific tissue can
be used to monitor the effects of shutting the gene off (or turning it on) in that
particular tissue. Finally, dominant-negative mutations are often employed par-
ticularly in those organisms in which it is simpler to add an altered gene to the
genome than to replace the endogenous genes with it. The dominant-negative
strategy exploits the fact that most proteins function as parts of larger protein
complexes. The inclusion of just one nonfunctional component can often inac-
tivate such complexes. Therefore, by designing a gene that produces large quan-
tities of a mutant protein that is inactive but still able to assemble into the com-
plex, it is often possible to produce a cell in which all the complexes are inacti-
vated despite the presence of the normal protein (Figure 8-62).

As noted in the earlier discussion of classical genetics, if a protein is required
for the survival of the cell (or the organism), a dominant-negative mutant will be
inviable, making it impossible to test the function of the protein. To avoid this
problem in reverse genetics, one can couple the mutant gene to an inducible
promoter in order to produce the faulty gene product only on command—for
example, in response to an increase in temperature or to the presence of a spe-
cific signal molecule.

In studying the action of a gene and the protein it encodes, one does not
always wish to make drastic changes—flooding cells with huge quantities of the
protein or eliminating a gene product entirely. It is sometimes useful to make
slight changes in a protein’s structure so that one can begin to dissect which por-
tions of a protein are important for its function. The activity of an enzyme, for
example, can be studied by changing a single amino acid in its active site. Spe-
cial techniques are required to alter genes (and thus their protein products) in
such subtle ways. The first step is often the chemical synthesis of a short DNA
molecule containing the desired altered portion of the gene’s nucleotide
sequence. This synthetic DNA oligonucleotide is hybridized with single-
stranded plasmid DNA that contains the DNA sequence to be altered, using con-
ditions that allow imperfectly matched DNA strands to pair. The synthetic
oligonucleotide will now serve as a primer for DNA synthesis by DNA poly-
merase, thereby generating a DNA double helix that incorporates the altered

normal protein mutant complex of mutant
in complex protein protein and normal
complex protein

ACTIVE INACTIVE INACTIVE

L

o
B

Figure 8-61 Ectopic misexpression of
Whnt, a signaling protein that affects
development of the body axis in the
early Xenopus embryo. In this
experiment, mRNA coding for Wnt was
injected into the ventral vegetal
blastomere, inducing a second body axis
(discussed in Chapter 22). (From S. Sokol
etal, Cell 67:741-752, 1991. With
permission from Elsevier.)

Figure 8-62 A dominant-negative effect
of a protein. Here, a gene is engineered
to produce a mutant protein that
prevents the normal copies of the same
protein from performing their function.
In this simple example, the normal
protein must form a multisubunit
complex to be active, and the mutant
protein blocks function by forming a
mixed complex that is inactive. In this
way, a single copy of a mutant gene
located anywhere in the genome can
inactivate the normal products produced
by other gene copies.
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sequence into one of its two strands. After transfection, plasmids that carry the
fully modified gene sequence are obtained. The modified DNA is then inserted
into an expression vector so that the redesigned protein can be produced in the
appropriate type of cells for detailed studies of its function. By changing selected
amino acids in a protein in this way—a technique called site-directed mutage-
nesis—one can determine exactly which parts of the polypeptide chain are
important for such processes as protein folding, interactions with other pro-
teins, and enzymatic catalysis (Figure 8-63).

Engineered Genes Can Be Inserted into the Germ Line of Many
Organisms

Altered genes can be introduced into cells in a variety of ways. DNA can be
microinjected into mammalian cells with a glass micropipette or introduced by
a virus that has been engineered to carry foreign genes. In plant cells, genes are
frequently introduced by a technique called particle bombardment: DNA sam-
ples are painted onto tiny gold beads and then literally shot through the cell wall
with a specially modified gun. Electroporation is the method of choice for intro-
ducing DNA into bacteria and some other cells. In this technique, a brief electric
shock renders the cell membrane temporarily permeable, allowing foreign DNA
to enter the cytoplasm.

plasmid cloning vector inserted normal gene
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Figure 8-63 The use of a synthetic
oligonucleotide to modify the protein-
coding region of a gene by site-directed
mutagenesis. (A) A recombinant plasmid
containing a gene insert is separated into
its two DNA strands. A synthetic
oligonucleotide primer corresponding to
part of the gene sequence but containing
a single altered nucleotide at a
predetermined point is added to the
single-stranded DNA under conditions
that permit imperfect DNA hybridization
(see Figure 8-36). (B) The primer
hybridizes to the DNA, forming a single
mismatched nucleotide pair. (C) The
recombinant plasmid is made double-
stranded by in vitro DNA synthesis
(starting from the primer) followed by
sealing by DNA ligase. (D) The double-
stranded DNA is introduced into a cell,
where it is replicated. Replication using
one strand of the template produces a
normal DNA molecule, but replication
using the other strand (the one that
contains the primer) produces a DNA
molecule carrying the desired mutation.
Only half of the progeny cells will end up
with a plasmid that contains the desired
mutant gene. However, a progeny cell
that contains the mutated gene can be
identified, separated from other cells, and
cultured to produce a pure population of
cells, all of which carry the mutated gene.
Only one of the many changes that can
be engineered in this way is shown here.
With an oligonucleotide of the
appropriate sequence, more than one
amino acid substitution can be made at a
time, or one or more amino acids can be
inserted or deleted. Although not shown
in this figure, it is also possible to create a
site-directed mutation by using the
appropriate oligonucleotides and PCR
(instead of plasmid replication) to amplify
the mutated gene.
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Unlike higher eucaryotes (which are multicellular and diploid), bacteria,
yeasts, and the cellular slime mold Dictyostelium generally exist as haploid sin-
gle cells. In these organisms, an artificially introduced DNA molecule carrying a
mutant gene can, with a relatively high frequency, replace the single copy of the
normal gene by homologous recombination; it is therefore easy to produce cells
in which the mutant gene has replaced the normal gene (Figure 8-64A). In this
way, cells can be made in order to miss a particular protein or produce an altered
form of it. The ability to perform direct gene replacements in lower eucaryotes,
combined with the power of standard genetic analyses in these haploid organ-
isms, explains in large part why studies in these types of cells have been so
important for working out the details of those cell processes that are shared by
all eucaryotes.

Animals Can Be Genetically Altered

Gene additions and replacements are also possible, but more difficult to per-
form, in animals and plants. Animals and plants that have been genetically engi-
neered by either gene insertion, gene deletion, or gene replacement are called
transgenic organisms, and any foreign or modified genes that are added are
called transgenes. We concentrate our discussion on transgenic mice, as enor-
mous progress is being made in this area. If a DNA molecule carrying a mutated
mouse gene is transferred into a mouse cell, it usually inserts into the chromo-
somes at random, but about once in a thousand times, it replaces one of the two
copies of the normal gene by homologous recombination. By exploiting these
rare “gene targeting” events, any specific gene can be altered or inactivated in a
mouse cell by a direct gene replacement. In the special case in which both
copies of the gene of interest is completely inactivated or deleted, the resulting
animal is called a “knockout” mouse.

The technique works as follows. In the first step, a DNA fragment containing
a desired mutant gene (or a DNA fragment designed to interrupt a target gene)
is inserted into a vector and then introduced into cultured embryonic stem (ES)
cells (see Figure 8-5), which are capable of producing cells of many different
types. After a period of cell proliferation, the rare colonies of cells in which a
homologous recombination event is likely to have caused a gene replacement to
occur are isolated. The correct colonies among these are identified by PCR or by
Southern blotting: they contain recombinant DNA sequences in which the
inserted fragment has replaced all or part of one copy of the normal gene. In the
second step, individual ES cells from the identified colony are taken up into a
fine micropipette and injected into an early mouse embryo. The transfected ES
cells collaborate with the cells of the host embryo to produce a normal-looking
mouse; large parts of this chimeric animal, including—in favorable cases—cells
of the germ line, often derive from the transfected ES cells (Figure 8-65).

The mice with the transgene in their germ line are then bred to produce both
a male and a female animal, each heterozygous for the gene replacement (that
is, they have one normal and one mutant copy of the gene). When these two

Figure 8-64 Gene replacement, gene
knockout, and gene addition.

A normal gene can be altered in several
ways to produce a transgenic organism.
(A) The normal gene (green) can be
completely replaced by a mutant copy of
the gene (red). This provides information
on the activity of the mutant gene
without interference from the normal
gene, and thus the effects of small and
subtle mutations can be determined.

(B) The normal gene can be inactivated
completely, for example, by making a
large deletion in it. (C) A mutant gene can
simply be added to the genome. In some
organisms this is the easiest type of
genetic engineering to perform. This
approach can provide useful information
when the introduced mutant gene
overrides the function of the normal
gene, as with a dominant-negative
mutation (see Figure 8-62).
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mice are mated, one-fourth of their progeny will be homozygous for the altered
gene. Studies of these homozygotes allow the function of the altered gene—or
the effects of eliminating the gene’s activity—to be examined in the absence of

the corresponding normal gene.

The ability to prepare transgenic mice lacking a known normal gene has
been a major advance, and the technique is now being used to determine the
functions of all mouse genes (Figure 8-66). A special technique is used to pro-
duce conditional mutants, in which a selected gene becomes disrupted in a spe-
cific tissue at a certain time in development. The strategy takes advantage of a
site-specific recombination system to excise—and thus disable—the target gene
in a particular place or at a particular time. The most common of these recom-
bination systems, called Cre/lox, is widely used to engineer gene replacements
in mice and in plants (see Figure 5-79). In this case, the target gene in ES cells is
replaced by a fully functional version of the gene that is flanked by a pair of the
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Figure 8-65 Summary of the procedures
used for making gene replacements in
mice. In the first step (A), an altered
version of the gene is introduced into
cultured ES (embryonic stem) cells. Only
a few rare ES cells will have their
corresponding normal genes replaced by
the altered gene through a homologous
recombination event. Although the
procedure is often laborious, these rare
cells can be identified and cultured to
produce many descendants, each of
which carries an altered gene in place of
one of its two normal corresponding
genes. In the next step of the procedure
(B), these altered ES cells are injected into
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the gene, these homozygous mice are
known as knockout mice. When such
mice are missing genes that function
during development, they often die with
specific defects long before they reach
adulthood. These lethal defects are
carefully analyzed to help determine the
normal function of the missing gene.
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(A) (B)

short DNA sequences, called lox sites, that are recognized by the Cre recombinase
protein. The transgenic mice that result are phenotypically normal. They are
then mated with transgenic mice that express the Cre recombinase gene under
the control of an inducible promoter. In the specific cells or tissues in which Cre
is switched on, it catalyzes recombination between the lox sequences—excising
a target gene and eliminating its activity. Similar recombination systems are
used to generate conditional mutants in Drosophila (see Figure 22-49).

Transgenic Plants Are Important for Both Cell Biology and
Agriculture

A damaged plant can often repair itself by a process in which mature differenti-
ated cells “dedifferentiate,” proliferate, and then redifferentiate into other cell
types. In some circumstances, the dedifferentiated cells can even form an apical
meristem, which can then give rise to an entire new plant, including gametes.
This remarkable developmental plasticity of plant cells can be exploited to gen-
erate transgenic plants from cells growing in culture.

When a piece of plant tissue is cultured in a sterile medium containing
nutrients and appropriate growth regulators, many of the cells are stimulated to
proliferate indefinitely in a disorganized manner, producing a mass of relatively
undifferentiated cells called a callus. By carefully manipulating the nutrients
and growth regulators, one can induce the formation of shoot and then root api-
cal meristems within the callus, and, in many species, regenerate a whole new
plant.

Callus cultures can also be mechanically dissociated into single cells, which
will grow and divide as a suspension culture. In several plants—including
tobacco, petunia, carrot, potato, and Arabidopsis—a single cell from such a sus-
pension culture can be grown into a small clump (a clone) from which a whole
plant can be regenerated. Such a cell, which has the ability to give rise to all parts
of the organism, is considered totipotent. Just as mutant mice can be derived by
the genetic manipulation of ES cells in culture, so transgenic plants can be cre-
ated from single totipotent plant cells that have been transfected with DNA in
culture (Figure 8-67).

The ability to produce transgenic plants has greatly accelerated progress in
many areas of plant cell biology. It has had an important role, for example, in iso-
lating receptors for growth regulators and in analyzing the mechanisms of mor-
phogenesis and of gene expression in plants. It has also opened up many new
possibilities in agriculture that could benefit both farmer and consumer. It has
made it possible, for example, to modify the lipid, starch, and protein stored in
seeds, to impart pest and virus resistance to plants, and to create modified
plants that tolerate extreme habitats such as salt marshes or water-stressed soil.

Many of the major advances in understanding animal development have
come from studies on the fruit fly Drosophila and the nematode worm C. ele-
gans, which are amenable to classical genetic analysis, as well as to experimen-
tal manipulation. Progress in plant developmental biology has, in the past, been
relatively slow by comparison. Many of the plants that have proved most
amenable to genetic analysis—such as maize and tomato—have long life cycles
and very large genomes, making both classical and molecular genetic analysis
very time-consuming. Increasing attention is consequently being paid to a fast-
growing small weed, the common wall cress (Arabidopsis thaliana), which has

Figure 8-66 Transgenic mice engineered
to express a mutant DNA helicase show
premature aging. The helicase, encoded
by the Xpd gene, is involved in both
transcription and DNA repair. Compared
with a wild-type mouse of the same age
(A), a transgenic mouse that expresses a
defective version of Xpd (B) exhibits many
of the symptoms of premature aging,
including osteoporosis, emaciation, early
graying, infertility, and reduced life-span.
The mutation in Xpd used here impairs
the activity of the helicase and mimics a
mutation that in humans causes
trichothiodystrophy, a disorder
characterized by brittle hair, skeletal
abnormalities, and a very reduced life
expectancy. These results indicate that an
accumulation of DNA damage can
contribute to the aging process in both
humans and mice. (From J. de Boer et al.,
Science 296:1276-1279, 2002. With
permission from AAAS.)
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several major advantages as a “model plant” (see Figures 1-46 and 22-112). The
relatively small Arabidopsis genome was the first plant genome to be completely
sequenced, and the pace of research on this organism now rivals that of the
model animals.

Large Collections of Tagged Knockouts Provide a Tool for
Examining the Function of Every Gene in an Organism

Extensive collaborative efforts are underway to assemble comprehensive
libraries of mutations in a variety of model organisms, including S. cerevisiae, C.
elegans, Drosophila, Arabidopsis, and the mouse. The ultimate aim in each case is
to produce a collection of mutant strains in which every gene in the organism has
been systematically deleted or altered in such a way that it can be conditionally
disrupted. Collections of this type will provide an invaluable resource for investi-
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Figure 8-67 A procedure used to make a
transgenic plant. (A) Outline of the
process. A disc is cut out of a leaf and
incubated in culture with Agrobacterium
cells that carry a recombinant plasmid
that contains both a selectable marker
gene and a desired transgene. The
wounded cells at the edge of the disc
release substances that attract the
Agrobacterium cells and cause them to
inject DNA into these cells. Only those
plant cells that take up the appropriate
DNA and express the selectable marker
gene survive to proliferate and form a
callus. The manipulation of growth
regulators and nutrients supplied to the
callus induces it to form shoots, which
subsequently root and grow into adult
plants carrying the transgene. (B) The
preparation of the recombinant plasmid
and its transfer to plant cells. An
Agrobacterium plasmid that normally
carries the T-DNA sequence is modified by
substituting a selectable marker gene
(such as the kanamycin-resistance gene)
and a desired transgene between the
25-nucleotide-pair T-DNA repeats. When
the Agrobacterium recognizes a plant cell,
it efficiently passes a DNA strand that
carries these sequences into the plant cell,
using the special machinery that normally
transfers the plasmid’s T-DNA sequence.
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Figure 8-68 Making collections of mutant organisms. (A) A deletion cassette for use in yeast contains DNA sequences (red)
homologous to each end of a target gene x, a selectable marker gene (blue), and a unique “barcode” sequence
approximately 20 nucleotide pairs in length (green). This DNA is introduced into yeast cells, where it readily replaces the
target gene by homologous recombination. By using a collection of such cassettes, each specific for one gene, a library of

yeast mutants can be constructed containing a mutant for every gene. (B) A si

milar approach can be taken to prepare

tagged knockout mutants in Arabidopsis and Drosophila. In this case, mutations are generated by the accidental insertion of

a transposable element into a target gene. The total DNA from the resulting o

rganism can be collected and quickly screened

for disruption of a gene of interest by using PCR primers that bind to the transposable element and to the target gene.
A PCR product is detected on the gel only if the transposable element has inserted into the target gene (see Figure 8-45).

gating gene function on a genomic scale. In some cases, each of the individual
mutations within the collection will express a distinct molecular tag—in the form
of a unique DNA sequence—designed to make identification of the altered gene
rapid and routine.

In S. cerevisiae, the task of generating a complete set of 6000 mutants, each
missing only one gene, is made simpler by yeast’s propensity for homologous
recombination. For each gene, a “deletion cassette” is prepared. The cassette
consists of a special DNA molecule that contains 50 nucleotides identical in
sequence to each end of the targeted gene, surrounding a selectable marker. In
addition, a special “barcode” sequence tag is embedded in this DNA molecule to
facilitate the later rapid identification of each resulting mutant strain (Figure
8-68). A large mixture of such gene knockout mutants can then be grown under
various selective test conditions—such as nutritional deprivation, a tempera-
ture shift, or the presence of various drugs—and the cells that survive can be
rapidly identified by their unique sequence tags. By assessing how well each
mutant in the mixture fares, one can begin to assess which genes are essential,
useful, or irrelevant for growth under the various conditions.

The challenge in deriving information from the study of such yeast mutants
lies in deducing a gene’s activity or biological role based on a mutant phenotype.
Some defects—an inability to live without histidine, for example—point directly
to the function of the wild-type gene. Other connections may not be so obvious.
What might a sudden sensitivity to cold indicate about the role of a particular
gene in the yeast cell? Such problems are even greater in organisms that are
more complex than yeast. The loss of function of a single gene in the mouse, for
example, may affect many different tissue types at different stages of develop-
ment—whereas the loss of other genes may have no obvious effect. Adequately
characterizing mutant phenotypes in mice often requires a thorough examina-
tion, along with extensive knowledge of mouse anatomy, histology, pathology,
physiology, and complex behavior.

The insights generated by examination of mutant libraries, however, will be
great. For example, studies of an extensive collection of mutants in Mycoplasma
genitalium—the organism with the smallest known genome—have identified
the minimum complement of genes essential for cellular life. Analysis of the
mutant pool suggests that growth under laboratory conditions requires about
three-quarters of the 480 protein-coding genes in M. genitalium. Approximately
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100 of these essential genes are of unknown function, which suggests that a sur-
prising number of the basic molecular mechanisms that underlie life have yet to
be discovered.

RNA Interference Is a Simple and Rapid Way to Test Gene
Function

Although knocking out a gene in an organism and studying the consequences is
perhaps the most powerful approach for understanding the functions of the
gene, a much easier way to inactivate genes has been recently discovered. Called
RNA interference (RNAIi, for short), this method exploits a natural mechanism
used in many plants, animals, fungi, and protozoa to protect themselves against
certain viruses and transposable elements (see Figure 7-115). The technique
introduces into a cell or organism a double-stranded RNA molecule whose
nucleotide sequence matches that of part of the gene to be inactivated. After the
RNA is processed, it hybridizes with the mRNA produced by the target gene and
directs its degradation. The cell subsequently uses small fragments of this
degraded RNA to produce more double-stranded RNA, which directs the con-
tinued elimination of the target mRNA. Because these short RNA fragments can
be passed on to progeny cells, RNAi can cause heritable changes in gene expres-
sion. But, as we saw in Chapter 7, there is a second mechanism through which
RNAI can stably inactivate genes. RNA fragments produced by degradation in
the cytosol can enter the nucleus and interact with the target gene itself, direct-
ing its packaging into a transcriptionally repressed form of chromatin. This dual
mode of controlling gene expression makes RNAi an especially effective tool for
shutting down genes, one at a time.

RNAI is frequently used to inactivate genes in Drosophila and mammalian
cell culture lines. Indeed, sets of 15,000 Drosophila RNAi molecules (one for
every gene) allow researchers, in several months, to test the role of every fly gene
in any process that can be monitored using cultured cells. Soon, it will be possi-
ble to carry out the same type of analysis with the 25,000 mouse and human
genes. RNAI has also been widely used to study gene function in the nematode,
C. elegans. When working with worms, introducing the double-stranded RNA is
quite simple: the RNA can be injected directly into the intestine of the animal, or
the worm can be fed with E. coli engineered to produce the RNA (Figure 8-69).
The RNA is distributed throughout the body of the worm, where it inhibits
expression of the target gene in different tissue types. Because the entire genome
of C. elegans has been sequenced, RNAi is being used to help in assigning func-
tions to the entire complement of worm genes.

More recently, a related technique has also been widely applied to mice. In
this case, the RNAI is not injected or fed to the mouse; rather, recombinant DNA
techniques are used to make transgenic animals that express the RNAi under the
control of an inducible promoter. Often this is a specially designed RNA that can
fold back on itself and, through base pairing, produce a double-stranded region

1 E. coli, expressing 2 double-stranded RNA
double-stranded L injected into gut
RNA, eaten by worm s

2

(A)

Figure 8-69 Dominant-negative mutation created by RNA interference. (A) Double-
stranded RNA (dsRNA) can be introduced into C. elegans (1) by feeding the worms
with E. coli expressing the dsRNA or (2) by injecting dsRNA directly into the gut.

(B) Wild-type worm embryo shortly after the egg has been fertilized. The egg and
sperm pronuclei (red arrowheads) have migrated and come together in the posterior
half of the embryo. (C) Worm embryo at the same stage in which a gene involved in
cell division has been inactivated by RNAi. The two pronuclei have failed to migrate.
(B and C, from P. Gonczy et al., Nature 408:331-336, 2000. With permission from
Macmillan Publishers Ltd.)
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that is recognized by the RNAi machinery. The process inactivates only the genes
that exactly match the RNAi sequence. Depending on the inducible promoter
used, the RNAi can be produced only in a specified tissue or only at a particular
time in development, allowing the functions of the target genes to be analyzed
in elaborate detail.

RNAi has made reverse genetics simple and efficient in many organisms, but
it has several potential limitations compared with true genetic knockouts. For
unknown reasons, RNAi does not efficiently inactivate all genes. Moreover,
within whole organisms, certain tissues may be resistant to the action of RNAi
(for example, neurons in nematodes). Another problem arises because many
organisms contain large gene families, the members of which exhibit sequence
similarity. RNAi therefore sometimes produces “off-target” effects, inactivating
related genes in addition to the targeted gene. One strategy to avoid such prob-
lems is to use multiple small RNA molecules matched to different regions of the
same gene. Ultimately, the results of any RNAi experiment must be viewed as a
strong clue to, but not necessarily a proof of, normal gene function.

Reporter Genes and In Situ Hybridization Reveal When and Where
a Gene Is Expressed

Important insights into gene function can often be obtained by examining when
and where a gene is expressed in the cell or in the whole organism. Determining
the pattern and timing of gene expression can be accomplished by replacing the
coding portion of the gene under study with a reporter gene. In most cases, the
expression of the reporter gene is then monitored by tracking the fluorescence
or enzymatic activity of its protein product (see Figures 9-26 and 9-27).

As discussed in detail in Chapter 7, regulatory DNA sequences, located
upstream or downstream of the coding region, control gene expression. These
regulatory sequences, which determine exactly when and where the gene is
expressed, can be easily studied by placing a reporter gene under their control
and introducing these recombinant DNA molecules into cells (Figure 8-70).

Figure 8-70 Using a reporter protein to
determine the pattern of a gene’s
expression. (A) In this example, the
coding sequence for protein X is replaced

(A) STARTING DNA MOLECULES EXPRESSION PATTERN
OF GENE X
coding sequence cells
for protein X ‘A B C D E F
- o — H BN
1 : 3 ite for RNA f I X
AN ! / start site for pattern of normal gene
DJZ%:E:Z;);es synthesis expression
that determine the .
expression of gene X coding sequence for cells
reporter protein Y "A B C D E F
recombinant -

|
‘

! pattern of reporter gene Y

expression

EXPRESSION PATTERN OF
(B) TEST DNA MOLECULES REPORTER GENE Y

I

(C) CONCLUSIONS —regulatory sequence 3 normally turns on gene X in cell B
—regulatory sequence 2 normally turns on gene X in cells D, E, and F
—regulatory sequence 1 normally turns off gene X in cell D

by the coding sequence for reporter
protein Y. The expression pattern for

X andY are the same. (B) Various
fragments of DNA containing candidate
regulatory sequences are added in
combinations to produce test DNA
molecules encoding reporter gene Y.
These recombinant DNA molecules are
then tested for expression after their
transfection into a variety of different
types of mammalian cells. The results are
summarized in (C).

For experiments in eucaryotic cells, two
commonly used reporter proteins are the
enzyme B-galactosidase (-gal) (see
Figure 7-55B) and green fluorescent
protein or GFP (see Figure 9-26). Figure
7-55B shows an example in which the
B-gal gene is used to monitor the activity
of the Eve gene regulatory sequence in a
Drosophila embryo.
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Itis also possible to directly observe the time and place that the mRNA prod-
uct of a gene is expressed. Although this strategy often provides the same gen-
eral information as the reporter gene approaches discussed above, there are
instances where it provides additional information; for example, when the gene
is transcribed but the mRNA is not immediately translated, or when the gene’s
final product is RNA rather than protein. This procedure, called in situ
hybridization, relies on the principles of nucleic acid hybridization described
earlier. Typically, tissues are gently fixed so that their RNA is retained in an
exposed form that can hybridize with a labeled complementary DNA or RNA
probe. In this way, the patterns of differential gene expression can be observed
in tissues, and the location of specific RNAs in cells can be determined (Figure
8-71). In the Drosophila embryo, for example, such patterns have provided new
insights into the mechanisms that create distinctions between cells in different
positions during development (described in Chapter 22).

Using similar approaches, it is also possible to visualize specific DNA
sequences in cells. In this case, tissue, cell, or even chromosome preparations
are briefly exposed to high pH to disrupt their nucleotide pairs, and nucleic acid
probes are added, allowed to hybridize with the cells’ DNA, and then visualized
(see Figure 8-35).

Expression of Individual Genes Can Be Measured Using
Quantitative RT-PCR

Although reporter genes and in situ hybridization reveal patterns of gene expres-
sion, it is often desirable to quantitate gene expression by directly measuring
mRNA levels in cells. Although Northern blots (see Figure 8-38) can be adapted
to this purpose, a more accurate method is based on the principles of PCR (Fig-
ure 8-72). This method, called quantitative RT-PCR (reverse transcription-poly-
merase chain reaction), begins with the total population of mRNA molecules
purified from a tissue or a cell culture. It is important that no DNA be present in
the preparation; it must be purified away or enzymatically degraded. Two DNA
primers that specifically match the gene of interest are added, along with reverse
transcriptase, DNA polymerase, and the four deoxynucleoside triphosphates
needed for DNA synthesis. The first round of synthesis is the reverse transcrip-
tion of the mRNA into DNA using one of the primers. Next, a series of heating
and cooling cycles allows the amplification of that DNA strand by conventional
PCR (see Figure 8-45). The quantitative part of this method relies on a direct rela-
tionship between the rate at which the PCR product is generated and the origi-
nal concentration of the mRNA species of interest. By adding chemical dyes to
the PCR reaction that fluoresce only when bound to double-stranded DNA, a
simple fluorescence measurement can be used to track the progress of the reac-
tion and thereby accurately deduce the starting concentration of the mRNA that
is amplified (see Figure 8-72). Although it seems complicated, this quantitative
RT-PCR technique (sometimes called real time PCR) is relatively fast and simple

573

Figure 8-71 In situ hybridization for RNA
localization. (A) Expression pattern of
DeltaC mRNA in the early zebrafish
embryo. This gene codes for a ligand in
the Notch signaling pathway (discussed
in Chapter 15), and the pattern shown
here reflects its role in the development
of somites—the future segments of the
vertebrate trunk and tail. (B) High-
resolution RNA in situ localization reveals
the sites within the nucleolus of a pea
cell where ribosomal RNA is synthesized.
The sausage-like structures, 0.5-1 um in
diameter, correspond to the loops of
chromosomal DNA that contain the
genes encoding rRNA. Each small white
spot represents transcription of a single
rRNA gene. (A, courtesy of Yun-Jin Jiang;
B, courtesy of Peter Shaw.)

fluorescence —

time (number of PCR cycles) —

Figure 8-72 RNA levels can be
measured by quantitative RT-PCR. The
fluorescence measured is generated by a
dye that fluoresces only when bound to
the double-stranded DNA products of
the RT-PCR reaction (see Figure 8-46B).
The red sample has a higher
concentration of the mRNA being
measured than does the blue sample,
since it requires fewer PCR cycles to reach
the same half-maximal concentration of
double-stranded DNA. Based on this
difference, the relative amounts of the
mMRNA in the two samples can be
precisely determined.
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Figure 8-73 Using DNA microarrays to monitor the expression of
thousands of genes simultaneously. To prepare the microarray, DNA
fragments—each corresponding to a gene—are spotted onto a slide by a
robot. Prepared arrays are also widely available commercially. In this
example, mRNA is collected from two different cell samples for a direct
comparison of their relative levels of gene expression; the two samples, for
example, could be from cells treated with a hormone and untreated cells of
the same type. These samples are converted to cDNA and labeled, one with
a red fluorochrome, the other with a green fluorochrome. The labeled
samples are mixed and then allowed to hybridize to the microarray. After
incubation, the array is washed and the fluorescence scanned. In the portion
of a microarray shown, which represents the expression of 110 yeast genes,
red spots indicate that the gene in sample 1 is expressed at a higher level
than the corresponding gene in sample 2; green spots indicate that
expression of the gene is higher in sample 2 than in sample 1. Yellow spots
reveal genes that are expressed at equal levels in both cell samples. Dark
spots indicate little or no expression in either sample of the gene whose
fragment is located at that position in the array. (Microarray courtesy of

J.L. DeRisi et al., Science 278:680-686, 1997. With permission from AAAS.)

to perform in the laboratory; it has displaced Northern blotting as the method of
choice for quantifying mRNA levels from any given gene.

Microarrays Monitor the Expression of Thousands of Genes at
Once

So far we have discussed techniques that can be used to monitor the expression
of only a single gene (or relatively few genes) at a time. Developed in the 1990s,
DNA microarrays have revolutionized the analysis of gene expression by moni-
toring the RNA products of thousands of genes at once. By examining the
expression of so many genes simultaneously, we can now begin to identify and
study the gene expression patterns that underlie cell physiology: we can see
which genes are switched on (or off) as cells grow, divide, differentiate, or
respond to hormones or to toxins.

DNA microarrays are little more than glass microscope slides studded with
a large number of DNA fragments, each containing a nucleotide sequence that
serves as a probe for a specific gene. The most dense arrays may contain tens of
thousands of these fragments in an area smaller than a postage stamp, allowing
thousands of hybridization reactions to be performed in parallel (Figure 8-73).
Some microarrays are prepared from large DNA fragments that have been gen-
erated by PCR and then spotted onto the slides by a robot. Others contain short
oligonucleotides that are synthesized on the surface of the glass wafer with tech-
niques similar to those that are used to etch circuits onto computer chips. In
either case, the exact sequence—and position—of every probe on the chip is
known. Thus, any nucleotide fragment that hybridizes to a probe on the array
can be identified as the product of a specific gene simply by detecting the posi-
tion at which it is bound.

To use a DNA microarray to monitor gene expression, mRNA from the cells
being studied is first extracted and converted to cDNA (see Figure 8-43). The
cDNA is then labeled with a fluorescent probe. The microarray is incubated with
this labeled cDNA sample and hybridization is allowed to occur (see Figure 8-73).
The array is then washed to remove cDNA that is not tightly bound, and the posi-
tions in the microarray to which labeled DNA fragments have bound are identified
by an automated scanning-laser microscope. The array positions are then
matched to the particular gene whose sample of DNA was spotted in this location.

Typically the fluorescent DNA from the experimental samples (labeled, for
example, with a red fluorescent dye) are mixed with a reference sample of cDNA
fragments labeled with a differently colored fluorescent dye (green, for example).
Thus, if the amount of RNA expressed from a particular gene in the cells of inter-
est is increased relative to that of the reference sample, the resulting spot is red.
Conversely, if the gene’s expression is decreased relative to the reference sample,
the spotis green. If there is no change compared to the reference sample, the spot

collection of gene-specific DNA molecules
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Figure 8-74 Using cluster analysis to identify sets of genes that are coordinately regulated. Genes that belong to the
same cluster may be involved in common pathways or processes. To perform a cluster analysis, microarray data are obtained
from cell samples exposed to a variety of different conditions, and genes that show coordinate changes in their expression
pattern are grouped together. In this experiment, human fibroblasts were deprived of serum for 48 hours; serum was then
added back to the cultures at time 0 and the cells were harvested for microarray analysis at different time points. Of the
8600 genes analyzed on the DNA microarray, just over 300 showed threefold or greater variation in their expression patterns
in response to serum re-introduction. Here, red indicates an increase in expression; green is a decrease in expression. On the
basis of the results of many microarray experiments, the 8600 genes have been grouped in clusters based on similar
patterns of expression. The results of this analysis show that genes involved in wound healing are turned on in response to
serum, while genes involved in regulating cell cycle progression and cholesterol biosynthesis are shut down. (From

M.B. Eisen et al., Proc. Natl Acad. Sci. U.S.A. 95:14863-14868, 1998. With permission from National Academy of Sciences.)

is yellow. Using such an internal reference, gene expression profiles can be tab-
ulated with great precision.

So far, DNA microarrays have been used to examine everything from the
changes in gene expression that make strawberries ripen to the gene expression
“signatures” of different types of human cancer cells (see Figure 7-3); or from
changes that occur as cells progress through the cell cycle to those made in
response to sudden shifts in temperature. Indeed, because microarrays allow
the simultaneous monitoring of large numbers of genes, they can detect subtle
changes in a cell, changes that might not be manifested in its outward appear-
ance or behavior.

Comprehensive studies of gene expression also provide an additional layer
of information that is useful for predicting gene function. Earlier, we discussed
how identifying a protein’s interaction partners can yield clues about that pro-
tein’s function. A similar principle holds true for genes: information about a
gene’s function can be deduced by identifying genes that share its expression
pattern. Using a technique called cluster analysis, one can identify sets of genes
that are coordinately regulated. Genes that are turned on or turned off together
under different circumstances are likely to work in concert in the cell: they may
encode proteins that are part of the same multiprotein machine, or proteins that
are involved in a complex coordinated activity, such as DNA replication or RNA
splicing. Characterizing a gene whose function is unknown by grouping it with
known genes that share its transcriptional behavior is sometimes called “guilt by
association.” Cluster analyses have been used to analyze the gene expression
profiles that underlie many interesting biological processes, including wound
healing in humans (Figure 8-74).

In addition to monitoring the level of mRNA corresponding to every gene in
a genome, DNA microarrays have many other uses. For example, they can be
used to monitor the progression of DNA replication in a cell (see Figure 5-32)
and, when combined with immunoprecipitation, can pinpoint every position in
the genome occupied by a given gene regulatory protein (see Figure 7-32).
Microarrays can also be used to quickly identify disease-causing microbes by
hybridizing DNA from infected tissues to an array containing genomic DNA
sequences from large collections of pathogens.

Single-Cell Gene Expression Analysis Reveals Biological “Noise”

The methods for monitoring mRNAs just described give average expression lev-
els for each mRNA across a large population of cells. By using a fluorescent
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reporter protein whose expression is under the control of a promoter of interest,
it is also possible to accurately measure expression levels in individual cells.
These new approaches have revealed a startling amount of variability, often
called biological noise, between the individual cells in a homogeneous popula-
tion of cells. These studies have also revealed the presence of distinct subpopu-
lations of cells whose existence would be masked if only the average across a
whole population were considered. For example, a bimodal distribution of
expression levels would indicate that the cells can exist in two distinct states
(Figure 8-75), with the average expression level of the population being some-
where between them. The behavior of individual cells has important implica-
tions for understanding biology, for example, by revealing that some cells con-
stantly and rapidly switch back and forth between two states.

Currently, there are two approaches for monitoring gene expression in indi-
vidual cells. In the imaging approach, live cells are mounted on a slide and
viewed through a fluorescence microscope. This method has the advantage that
a given cell can be followed over time, allowing temporal changes in expression
to be measured. The second approach, flow cytometry, works by streaming a
dilute suspension of cells past an illuminator and measuring the fluorescence of
individual cells as they flow past the detector (see Figure 8-2). Although it has
the advantage that the expression levels of very large numbers of cells can be
measured with precision, flow cytometry does not allow a given cell to be
tracked over time; hence, it is complementary to the imaging methods.

Summary

Genetics and genetic engineering provide powerful tools for the study of gene function
in both cells and organisms. In the classical genetic approach, random mutagenesis is
coupled with screening to identify mutants that are deficient in a particular biological
process. These mutants are then used to locate and study the genes responsible for that
process.

Gene function can also be ascertained by reverse genetic techniques. DNA engi-
neering methods can be used to alter genes and to re-insert them into a cell’s chromo-
somes so that they become a permanent part of the genome. If the cell used for this gene
transfer is a fertilized egg (for an animal) or a totipotent plant cell in culture, trans-
genic organisms can be produced that express the mutant gene and pass it on to their
progeny. Especially important for cell biology is the ability to alter cells and organisms
in highly specific ways—allowing one to discern the effect on the cell or the organism
of a designed change in a single protein or RNA molecule.

Many of these methods are being expanded to investigate gene function on a
genome-wide scale. The generation of mutant libraries in which every gene in an
organism has been systematically deleted or disrupted provides invaluable tools for
exploring the role of each gene in the elaborate molecular collaboration that gives rise
to life. Technologies such as DNA microarrays can monitor the expression of thousands
of genes simultaneously, providing detailed, comprehensive snapshots of the dynamic
patterns of gene expression that underlie complex cell processes.

Figure 8-75 Different levels of gene
expression in individual cells within a
population of E. coli bacteria. For this
experiment, two different reporter
proteins (one fluorescing green, the other
red) controlled by a copy of the same
promoter, have been introduced into all
of the bacteria. When illuminated, some
cells express only one gene copy, and so
appear either red or green, while others
express both gene copies, and so appear
yellow. This experiment also reveals
variable levels of fluorescence, indicating
variable levels of gene expression within
an apparently uniform population of
cells. (From M.B. Elowitz, A.J. Levine,

E.O. Siggia and P.S. Swain, Science
297:1183-1186, 2002. With permission
from AAAS.)

PROBLEMS

Which statements are true? Explain why or why not.

8-1  Because a monoclonal antibody recognizes a specific
antigenic site (epitope), it binds only to the specific protein
against which it was made.

8-2  Given the inexorable progress of technology, it seems
inevitable that the sensitivity of detection of molecules will
ultimately be pushed beyond the yoctomole level (1024 mole).

8-3  Surface plasmon resonance (SPR) measures associa-
tion (kon) and dissociation (ko) rates between molecules in

real time, using small amounts of unlabeled molecules, but
it does not give the information needed to determine the
binding constant (K).

8-4  Ifeach cycle of PCR doubles the amount of DNA syn-
thesized in the previous cycle, then 10 cycles will give a 103-
fold amplification, 20 cycles will give a 108-fold amplifica-
tion, and 30 cycles will give a 10%-fold amplification.

Discuss the following problems.

8-5 A common step in the isolation of cells from a sam-
ple of animal tissue is to treat it with trypsin, collagenase,
and EDTA. Why is such a treatment necessary, and what
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does each component accomplish? And why does this treat-
ment not kill the cells?

8-6 Do you suppose it would be possible to raise an anti-
body against another antibody? Explain your answer.

8-7  Distinguish between velocity sedimentation and
equilibrium sedimentation. For what general purpose is
each technique used? Which do you suppose might be best
suited for separating two proteins of different size?

8-8  Tropomyosin, at 93 kd, sediments at 2.6 S, whereas
the 65-kd protein, hemoglobin, sediments at 4.3 S. (The sed-
imentation coefficient S is a linear measure of the rate of
sedimentation: both increase or decrease in parallel.) These
two proteins are shown as a-carbon backbone models in
Figure Q8-1. How is it that the bigger protein sediments
more slowly than the smaller one? Can you think of an anal-
ogy from everyday experience that might help you with this
problem?

tropomyosin

; hemoglobin

Figure Q8-1 Backbone models of tropomyosin and hemoglobin
(Problem 8-8).

8-9  Inthe classic paper that demonstrated the semi-con-
servative replication of DNA, Meselson and Stahl began by
showing that DNA itself will form a band when subjected to
equilibrium sedimentation. They mixed randomly frag-
mented E. coli DNA with a solution of CsCl so that the final
solution had a density of 1.71 g/mL. As shown in Figure
Q8-2, with increasing length of centrifugation at 70,000
times gravity, the DNA, which was initially dispersed
throughout the centrifuge tube, became concentrated over
time into a discrete band in the middle.

A. Describe what is happening with time and explain why
the DNA forms a discrete band.

hours centrifugal field —

-

Figure Q8-2 Ultraviolet
absorption photographs
showing successive stages
in the banding of E. coli
DNA (Problem 8-9). DNA,
which absorbs UV light,
shows up as dark regions in
the photographs. The
bottom of the centrifuge
tube is on the right. (From
M. Meselson and F.W. Stahl,
Proc. Natl Acad. Sci. U.S.A.
44:671-682, 1958. With
permission from National
Academy of Sciences.)
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B. Whatis the buoyant density of the DNA? (The density of
the solution at which DNA “floats” at equilibrium defines
the “buoyant density” of the DNA.)

C. Even if the DNA were centrifuged for twice as long—or
even longer—the width of the band remains about what is
shown at the bottom of Figure Q8-2. Why does the band not
become even more compressed? Suggest some possible rea-
sons to explain the thickness of the DNA band at equilib-
rium.

8-10 Hybridoma technology allows one to generate mon-
oclonal antibodies to virtually any protein. Why is it then
that tagging proteins with epitopes is such a commonly
used technique, especially since an epitope tag has the
potential to interfere with the function of the protein?

8-11 How many copies of a protein need to be present in a
cell in order for it to be visible as a band on a gel? Assume
that you can load 100 pg of cell extract onto a gel and that
you can detect 10 ng in a single band by silver staining. The
concentration of protein in cells is about 200 mg/mL, and a
typical mammalian cell has a volume of about 1000 um? and
a typical bacterium a volume of about 1 um3. Given these
parameters, calculate the number of copies of a 120-kd pro-
tein that would need to be present in a mammalian cell and
in a bacterium in order to give a detectable band on a gel.
You might try an order-of-magnitude guess before you make
the calculations.

8-12 You want to amplify the DNA between the two
stretches of sequence shown in Figure Q8-3. Of the listed
primers choose the pair that will allow you to amplify the
DNA by PCR.

DNA to be amplified

CATACGGGATTGA-3’
GTATGCCCTAACT-5"

5’-GACCTGTGGAAGC
3’-CTGGACACCTTCG

primers
(5) 5'-CATACGGGATTGA- 3’
(6) 5'-GTATGCCCTAACT-3"
(7) 5’-TGTTAGGGCATAC-3’
(8) 5’-TCAATCCCGTATG-3"

(1) 5"-GACCTGTCCAAGC-3’
(2) 5"-CTGGACACCTTCG-3’
(3) 5"-CGAAGGTGTCCAG-3’
(4) 5'-GCTTCCACAGGTC-3’

Figure Q8-3 DNA to be amplified and potential PCR primers
(Problem 8-12).

8-13 In the very first round of PCR using genomic DNA,
the DNA primers prime synthesis that terminates only when
the cycle ends (or when a random end of DNA is encoun-
tered). Yet, by the end of 20 to 30 cycles—a typical amplifi-
cation—the only visible product is defined precisely by the
ends of the DNA primers. In what cycle is a double-stranded
fragment of the correct size first generated?

8-14 Explain the difference between a gain-of-function
mutation and a dominant-negative mutation. Why are both
these types of mutation usually dominant?

8-15 Discuss the following statement: “We would have no
idea today of the importance of insulin as a regulatory hor-
mone if its absence were not associated with the devastating
human disease diabetes. It is the dramatic consequences of
its absence that focused early efforts on the identification of
insulin and the study of its normal role in physiology.”
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they prevent incompletely folded proteins from becoming irreversibly aggre-
gated. Both calnexin and calreticulin also promote the association of incom-
pletely folded proteins with another ER chaperone, which binds to cysteines
that have not yet formed disulfide bonds.

Calnexin and calreticulin recognize N-linked oligosaccharides that contain
a single terminal glucose, and therefore bind proteins only after two of the three
glucoses on the precursor oligosaccharide have been removed by ER glucosi-
dases. When the third glucose has been removed, the protein dissociates from its
chaperone and can leave the ER.

How, then, do calnexin and calreticulin distinguish properly folded from
incompletely folded proteins? The answer lies in yet another ER enzyme, a glu-
cosyl transferase that keeps adding a glucose to those oligosaccharides that have
lost their last glucose. It adds the glucose, however, only to oligosaccharides that
are attached to unfolded proteins. Thus, an unfolded protein undergoes contin-
uous cycles of glucose trimming (by glucosidase) and glucose addition (by gly-
cosyl transferase), maintaining an affinity for calnexin and calreticulin until it
has achieved its fully folded state (Figure 12-53).

Improperly Folded Proteins Are Exported from the ER and
Degraded in the Cytosol

Despite all the help from chaperones, many protein molecules (more than 80%
for some proteins) translocated into the ER fail to achieve their properly folded
or oligomeric state. Such proteins are exported from the ER back into the
cytosol, where they are degraded. The mechanism of retrotranslocation, also
called dislocation, is still unknown but is likely to be similar to other post-trans-
lational modes of translocation. For example, like translocation into mitochon-
dria or chloroplasts, chaperone proteins are probably necessary to keep the
polypeptide chain in an unfolded state prior to and during transport. Similarly,
a source of energy is required to provide directionality to the transport and to
pull the protein into the cytosol. Finally, a translocator, possibly composed of
some of the same components that are used for forward transport into the ER
(such as Sec61), is presumably necessary.

Selecting proteins from the ER for degradation is a challenging process. Mis-
folded proteins or unassembled protein subunits should be degraded, but folding

INCOMPLETELY
UNFOLDED FOLDED NORMALLY FOLDED
EXIT
, —> FROM
UDP- R
>g|ucose glucose ,:
glucosyl
transferase
__ N-linked

oligosaccharide

GLUCOSE\
TRIMMING Wx

calnexin

glucosidase

ER LUMEN

ER membrane CYTOSOL
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Figure 12-53 The role of N-linked
glycosylation in ER protein folding. The
ER-membrane-bound chaperone protein
calnexin binds to incompletely folded
proteins containing one terminal glucose
on N-linked oligosaccharides, trapping
the protein in the ER. Removal of the
terminal glucose by a glucosidase
releases the protein from calnexin. A
glucosyl transferase is the crucial enzyme
that determines whether the protein is
folded properly or not: if the protein is
stillincompletely folded, the enzyme
transfers a new glucose from
UDP-glucose to the N-linked
oligosaccharide, renewing the protein’s
affinity for calnexin and retaining it in the
ER. The cycle repeats until the protein has
folded completely. Calreticulin functions
similarly, except that it is a soluble ER
resident protein. Another ER chaperone,
ERp57 (not shown), collaborates with
calnexin and calreticulin in retaining an
incompletely folded protein in the ER.
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Figure 12-54 The export and
degradation of misfolded ER proteins.
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intermediates of newly made proteins should not. Help in making this distinc-
tion comes from the N-linked oligosaccharides, which serve as timers that mea-
sure how long a protein has spent in the ER. The slow trimming of a particular
mannose on the core-oligosaccharide tree by an enzyme (a mannosidase) in the
ER is thought to create a new oligosaccharide structure that the retrotransloca-
tion apparatus recognizes. Proteins that fold and exit from the ER faster than the
action of the mannosidase would therefore escape degradation.

Once a misfolded protein has been retrotranslocated into the cytosol, an N-
glycanase removes its oligosaccharide chains en bloc. The deglycosylated
polypeptide is rapidly ubiquitylated by ER-bound ubiquitin-conjugating
enzymes and is then fed into proteasomes (discussed in Chapter 6), where it is
degraded (Figure 12-54).

Misfolded Proteins in the ER Activate an Unfolded Protein
Response

Cells carefully monitor the amount of misfolded protein in various compart-
ments. An accumulation of misfolded proteins in the cytosol, for example, trig-
gers a heat-shock response (discussed in Chapter 6), which stimulates the tran-
scription of genes encoding cytosolic chaperones that help to refold the pro-
teins. Similarly, an accumulation of misfolded proteins in the ER triggers an
unfolded protein response, which includes an increased transcription of genes
encoding ER chaperones, proteins involved in retrotranslocation and protein
degradation in the cytosol, and many other proteins that help to increase the
protein folding capacity of the ER.

How do misfolded proteins in the ER signal to the nucleus? There are three
parallel pathways that execute the unfolded protein response (Figure 12-55A).
The first pathway, which was initially discovered in yeast cells, is particularly
remarkable. Misfolded proteins in the ER activate a transmembrane protein
kinase in the ER, which causes the kinase to oligomerize and phosphorylate
itself. (Some cell-surface receptors in the plasma membrane are activated in a
similar way, as discussed in Chapter 15). The oligomerization and autophos-
phorylation activates an endoribonuclease domain in the cytosolic portion of
the same molecule, which cleaves a specific, cytosolic RNA molecule at two
positions, excising an intron. The separated exons are then joined by an RNA
ligase, generating a spliced mRNA, which is translated to produce an active
gene regulatory protein. This protein activates the transcription of the genes
encoding the proteins that mediate the unfolded protein response (Figure
12-55B).

ubiquitylated, and degraded in
proteasomes. Misfolded membrane
proteins follow a similar pathway.
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Figure 12-55 The unfolded protein
response. (A) By three parallel
intracellular signaling pathways, the
accumulation of misfolded proteins in
the ER lumen signals to the nucleus to
activate the transcription of genes that
encode proteins that help the cell to
cope with the abundance of misfolded
proteins in the ER. (B) Regulated mRNA

ATF6

K splicing is a key regulatory switch in
z, Pathway 1 of the unfolded protein
response.
REGULATED
PROTEOLYSIS
RELEASES

GENE REGULATORY
PROTEIN 3

J

“ \iﬁ
ACTIVATION OF GENES TO INCREASE

PROTEIN FOLDING CAPACITY OF ER

(B)

misfolded protein
bound to chaperone

misfolded protein

7y \\/“\\
transmembrane 3
protein kinase (sensor)

- I
pre-mRNA -
\g .
MRNA E——
ER chaperone exon exon
5
gene regulatory
protein .
CYTOSOL
NUCLEUS e — 6 nuclear
e ———— envelope
\
—

chaperone mRNA

ER LUMEN

ribonuclease
domain

intron

1 MISFOLDED PROTEINS IN ER SIGNAL
THE NEED FOR MORE ER CHAPERONES
BY ACTIVATING A TRANSMEMBRANE
KINASE

2 ACTIVATED KINASE TURNS INTO
AN ENDORIBONUCLEASE

3 ENDORIBONUCLEASE CUTS SPECIFIC
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5 mRNA IS TRANSLATED TO MAKE A
GENE REGULATORY PROTEIN

6 GENE REGULATORY PROTEIN ENTERS
NUCLEUS AND ACTIVATES GENES
ENCODING ER CHAPERONES

7 CHAPERONES ARE MADE IN ER,
WHERE THEY HELP FOLD PROTEINS

Misfolded proteins also activate a second transmembrane kinase in the ER,
which inhibits a translation initiation factor by phosphorylating it and thereby
reduces the production of new proteins throughout the cell. One consequence
of the reduction in protein translation is to reduce the flux of proteins into the
ER, thereby limiting the load of proteins that need to be folded there. Some pro-
teins, however, are preferentially translated when translation initiation factors
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are scarce (see p. 490), and one of these is a gene regulatory protein that helps
activate the transcription of the genes encoding proteins active in the unfolded
protein response.

Finally, a third gene regulatory protein is initially synthesized as an integral
ER membrane protein. Because it is covalently tethered to the membrane, it can-
not activate the transcription of genes in the nucleus. When misfolded proteins
accumulate in the ER, the transmembrane protein is transported to the Golgi
apparatus, where it encounters proteases that cleave off its cytosolic domain,
which can now migrate to the nucleus and help activate the transcription of the
genes encoding proteins involved in the unfolded protein response. The relative
importance of each of these three pathways differs in different cell types,
enabling each cell type to tailor the unfolded protein response to its particular
needs.

Some Membrane Proteins Acquire a Covalently Attached
Glycosylphosphatidylinositol (GPI) Anchor

As discussed in Chapter 10, several cytosolic enzymes catalyze the covalent addi-
tion of a single fatty acid chain or prenyl group to selected proteins. The attached
lipids help to direct these proteins to cell membranes. A related process is cat-
alyzed by ER enzymes, which covalently attach a glycosylphosphatidyl-inositol
(GPI) anchor to the C-terminus of some membrane proteins destined for the
plasma membrane. This linkage forms in the lumen of the ER, where, at the same
time, the transmembrane segment of the protein is cleaved off (Figure 12-56). A
large number of plasma membrane proteins are modified in this way. Since they
are attached to the exterior of the plasma membrane only by their GPI anchors,
they can in principle be released from cells in soluble form in response to signals
that activate a specific phospholipase in the plasma membrane. Trypanosome
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Figure 12-56 The attachment of a GPl anchor to a protein in the ER. Immediately after the
completion of protein synthesis, the precursor protein remains anchored in the ER membrane by
a hydrophobic C-terminal sequence of 15-20 amino acids; the rest of the protein is in the ER
lumen. Within less than a minute, an enzyme in the ER cuts the protein free from its membrane-
bound C-terminus and simultaneously attaches the new C-terminus to an amino group on a
preassembled GPI intermediate. The sugar chain contains an inositol attached to the lipid from
which the GPI anchor derives its name. It is followed by a glucosamine and three mannoses. The
terminal mannose links to a phosphoethanolamine that provides the amino group to attach the
protein. The signal that specifies this modification is contained within the hydrophobic
C-terminal sequence and a few amino acids adjacent to it on the lumenal side of the ER
membrane; if this signal is added to other proteins, they too become modified in this way.
Because of the covalently linked lipid anchor, the protein remains membrane-bound, with all of its
amino acids exposed initially on the lumenal side of the ER and eventually on the cell exterior.

LCY Biotechnology Holding, Inc.
Ex. 1008
Page 240 of 240



	P 415 Molecular Biology of the Cell 5th.pdf
	Cover
	Preface
	Contents
	Special Features
	Detailed Contents
	Acknowledgments
	A Note to the Reader
	Part I INTRODUCTION TO THE CELL
	Chapter 1 Cells and Genomes
	THE UNIVERSAL FEATURES OF CELLS ON EARTH
	All Cells Store Their Hereditary Information in the Same Linear Chemical Code (DNA)
	All Cells Replicate Their Hereditary Information by Templated Polymerization
	All Cells Transcribe Portions of Their Hereditary Information into the Same Intermediary Form (RNA)
	All Cells Use Proteins as Catalysts
	All Cells Translate RNA into Protein in the Same Way
	The Fragment of Genetic Information Corresponding to One Protein Is One Gene
	Life Requires Free Energy
	All Cells Function as Biochemical Factories Dealing with the Same Basic Molecular Building Blocks
	All Cells Are Enclosed in a Plasma Membrane Across Which Nutrients and Waste Materials Must Pass
	A Living Cell Can Exist with Fewer Than 500 Genes
	Summary

	THE DIVERSITY OF GENOMES AND THE TREE OF LIFE
	Cells Can Be Powered by a Variety of Free Energy Sources
	Some Cells Fix Nitrogen and Carbon Dioxide for Others
	The Greatest Biochemical Diversity Exists Among Procaryotic Cells
	The Tree of Life Has Three Primary Branches: Bacteria, Archaea, and Eucaryotes
	Some Genes Evolve Rapidly; Others Are Highly Conserved
	Most Bacteria and Archaea Have 1000–6000 Genes
	New Genes Are Generated from Preexisting Genes
	Gene Duplications Give Rise to Families of Related Genes Within a Single Cell
	Genes Can Be Transferred Between Organisms, Both in the Laboratory and in Nature
	Sex Results in Horizontal Exchanges of Genetic Information Within a Species
	The Function of a Gene Can Often Be Deduced from Its Sequence
	More Than 200 Gene Families Are Common to All Three Primary Branches of the Tree of Life
	Mutations Reveal the Functions of Genes
	Molecular Biologists Have Focused a Spotlight on E. coli
	Summary

	GENETIC INFORMATION IN EUCARYOTES
	Eucaryotic Cells May Have Originated as Predators
	Modern Eucaryotic Cells Evolved from a Symbiosis
	Eucaryotes Have Hybrid Genomes
	Eucaryotic Genomes Are Big
	Eucaryotic Genomes Are Rich in Regulatory DNA
	The Genome Defines the Program of Multicellular Development
	Many Eucaryotes Live as Solitary Cells: the Protists
	A Yeast Serves as a Minimal Model Eucaryote
	The Expression Levels of All The Genes of An Organism Can Be Monitored Simultaneously
	To Make Sense of Cells, We Need Mathematics, Computers, and Quantitative Information
	Arabidopsis Has Been Chosen Out of 300,000 Species As a Model Plant
	The World of Animal Cells Is Represented By a Worm, a Fly, a Mouse, and a Human
	Studies in Drosophila Provide a Key to Vertebrate Development
	The Vertebrate Genome Is a Product of Repeated Duplication
	Genetic Redundancy Is a Problem for Geneticists, But It Creates Opportunities for Evolving Organisms
	The Mouse Serves as a Model for Mammals
	Humans Report on Their Own Peculiarities
	We Are All Different in Detail
	Summary

	PROBLEMS
	REFERENCES

	Chapter 2 Cell Chemistry and Biosynthesis
	THE CHEMICAL COMPONENTS OF A CELL
	Cells Are Made From a Few Types of Atoms
	The Outermost Electrons Determine How Atoms Interact
	Covalent Bonds Form by the Sharing of Electrons
	There Are Different Types of Covalent Bonds
	An Atom Often Behaves as if It Has a Fixed Radius
	Water Is the Most Abundant Substance in Cells
	Some Polar Molecules Are Acids and Bases
	Four Types of Noncovalent Attractions Help Bring Molecules Together in Cells
	A Cell Is Formed from Carbon Compounds
	Cells Contain Four Major Families of Small Organic Molecules
	Sugars Provide an Energy Source for Cells and Are the Subunits of Polysaccharides
	Fatty Acids Are Components of Cell Membranes, as Well as a Source of Energy
	Amino Acids Are the Subunits of Proteins
	Nucleotides Are the Subunits of DNA and RNA
	The Chemistry of Cells Is Dominated by Macromolecules with Remarkable Properties
	Noncovalent Bonds Specify Both the Precise Shape of a Macromolecule and its Binding to Other Molecules
	Summary

	CATALYSIS AND THE USE OF ENERGY BY CELLS
	Cell Metabolism Is Organized by Enzymes
	Biological Order Is Made Possible by the Release of Heat Energy from Cells
	Photosynthetic Organisms Use Sunlight to Synthesize Organic Molecules
	Cells Obtain Energy by the Oxidation of Organic Molecules
	Oxidation and Reduction Involve Electron Transfers
	Enzymes Lower the Barriers That Block Chemical Reactions
	How Enzymes Find Their Substrates: The Enormous Rapidity of Molecular Motions
	The Free-Energy Change for a Reaction Determines Whether It Can Occur
	The Concentration of Reactants Influences the Free-Energy Change and a Reaction’s Direction
	For Sequential Reactions, DELTAG° Values Are Additive
	Activated Carrier Molecules Are Essential for Biosynthesis
	The Formation of an Activated Carrier Is Coupled to an Energetically Favorable Reaction
	ATP Is the Most Widely Used Activated Carrier Molecule
	Energy Stored in ATP Is Often Harnessed to Join Two Molecules Together
	NADH and NADPH Are Important Electron Carriers
	There Are Many Other Activated Carrier Molecules in Cells
	The Synthesis of Biological Polymers Is Driven by ATP Hydrolysis
	Summary

	HOW CELLS OBTAIN ENERGY FROM FOOD
	Glycolysis Is a Central ATP-Producing Pathway
	Fermentations Produce ATP in the Absence of Oxygen
	Glycolysis Illustrates How Enzymes Couple Oxidation to Energy Storage
	Organisms Store Food Molecules in Special Reservoirs
	Most Animal Cells Derive Their Energy from Fatty Acids Between Meals
	Sugars and Fats Are Both Degraded to Acetyl CoA in Mitochondria
	The Citric Acid Cycle Generates NADH by Oxidizing Acetyl Group sto CO2
	Electron Transport Drives the Synthesis of the Majority of the ATP in Most Cells
	Amino Acids and Nucleotides Are Part of the Nitrogen Cycle
	Metabolism Is Organized and Regulated
	Summary

	PROBLEMS
	REFERENCES

	Chapter 3 Proteins
	THE SHAPE AND STRUCTURE OF PROTEINS
	The Shape of a Protein Is Specified by Its Amino Acid Sequence
	Proteins Fold into a Conformation of Lowest Energy
	The alpha Helix and the beta Sheet Are Common Folding Patterns
	Protein Domains Are Modular Units from which Larger Proteins Are Built
	Few of the Many Possible Polypeptide Chains Will Be Useful to Cells
	Proteins Can Be Classified into Many Families
	Sequence Searches Can Identify Close Relatives
	Some Protein Domains Form Parts of Many Different Proteins
	Certain Pairs of Domains Are Found Together in Many Proteins
	The Human Genome Encodes a Complex Set of Proteins, Revealing Much That Remains Unknown
	Larger Protein Molecules Often Contain More Than One Polypeptide Chain
	Some Proteins Form Long Helical Filaments
	Many Protein Molecules Have Elongated, Fibrous Shapes
	Many Proteins Contain a Surprisingly Large Amount of Unstructured Polypeptide Chain
	Covalent Cross-Linkages Often Stabilize Extracellular Proteins
	Protein Molecules Often Serve as Subunits for the Assembly of Large Structures
	Many Structures in Cells Are Capable of Self-Assembly
	Assembly Factors Often Aid the Formation of Complex Biological Structures
	Summary

	PROTEIN FUNCTION
	All Proteins Bind to Other Molecules
	The Surface Conformation of a Protein Determines Its Chemistry
	Sequence Comparisons Between Protein Family Members Highlight Crucial Ligand-Binding Sites
	Proteins Bind to Other Proteins Through Several Types of Interfaces
	Antibody Binding Sites Are Especially Versatile
	The Equilibrium Constant Measures Binding Strength
	Enzymes Are Powerful and Highly Specific Catalysts
	Substrate Binding Is the First Step in Enzyme Catalysis
	Enzymes Speed Reactions by Selectively Stabilizing Transition States
	Enzymes Can Use Simultaneous Acid and Base Catalysis
	Lysozyme Illustrates How an Enzyme Works
	Tightly Bound Small Molecules Add Extra Functions to Proteins
	Molecular Tunnels Channel Substrates in Enzymes with Multiple Catalytic Sites
	Multienzyme Complexes Help to Increase the Rate of Cell Metabolism
	The Cell Regulates the Catalytic Activities of its Enzymes
	Allosteric Enzymes Have Two or More Binding Sites That Interact
	Two Ligands Whose Binding Sites Are Coupled Must Reciprocally Affect Each Other’s Binding
	Symmetric Protein Assemblies Produce Cooperative Allosteric Transitions
	The Allosteric Transition in Aspartate Transcarbamoylase Is Understood in Atomic Detail
	Many Changes in Proteins Are Driven by Protein Phosphorylation
	A Eucaryotic Cell Contains a Large Collection of Protein Kinases and Protein Phosphatases
	The Regulation of Cdk and Src Protein Kinases Shows How a Protein Can Function as a Microchip
	Proteins That Bind and Hydrolyze GTP Are Ubiquitous Cellular Regulators
	Regulatory Proteins Control the Activity of GTP-Binding Proteins by Determining Whether GTP or GDP Is Bound
	Large Protein Movements Can Be Generated From Small Ones
	Motor Proteins Produce Large Movements in Cells
	Membrane-Bound Transporters Harness Energy to Pump Molecules Through Membranes
	Proteins Often Form Large Complexes That Function as Protein Machines
	Protein Machines with Interchangeable Parts Make Efficient Use of Genetic Information
	The Activation of Protein Machines Often Involves Positioning Them at Specific Sites
	Many Proteins Are Controlled by Multisite Covalent Modification
	A Complex Network of Protein Interactions Underlies Cell Function
	Summary

	PROBLEMS
	REFERENCES


	Part II BASIC GENETIC MECHANISMS
	Chapter 4 DNA, Chromosomes, and Genomes
	THE STRUCTURE AND FUNCTION OF DNA
	A DNA Molecule Consists of Two Complementary Chains of Nucleotides
	The Structure of DNA Provides a Mechanism for Heredity
	In Eucaryotes, DNA Is Enclosed in a Cell Nucleus
	Summary

	CHROMOSOMAL DNA AND ITS PACKAGING IN THE CHROMATIN FIBER
	Eucaryotic DNA Is Packaged into a Set of Chromosomes
	Chromosomes Contain Long Strings of Genes
	The Nucleotide Sequence of the Human Genome Shows How Our Genes Are Arranged
	Genome Comparisons Reveal Evolutionarily Conserved DNA Sequences
	Chromosomes Exist in Different States Throughout the Life of a Cell
	Each DNA Molecule That Forms a Linear Chromosome Must Contain a Centromere, Two Telomeres, and Replication Origins
	DNA Molecules Are Highly Condensed in Chromosomes
	Nucleosomes Are a Basic Unit of Eucaryotic Chromosome Structure
	The Structure of the Nucleosome Core Particle Reveals How DNA Is Packaged
	Nucleosomes Have a Dynamic Structure, and Are Frequently Subjected to Changes Catalyzed by ATP-Dependent Chromatin-Remodeling Complexes
	Nucleosomes Are Usually Packed Together into a Compact Chromatin Fiber
	Summary

	THE REGULATION OF CHROMATIN STRUCTURE
	Some Early Mysteries Concerning Chromatin Structure
	Heterochromatin Is Highly Organized and Unusually Resistant to Gene Expression
	The Core Histones Are Covalently Modified at Many Different Sites
	Chromatin Acquires Additional Variety Through the Site-Specific Insertion of a Small Set of Histone Variants
	The Covalent Modifications and the Histone Variants Act in Concert to Produce a “Histone Code” That Helps to Determine Biological Function
	A Complex of Code-reader and Code-writer Proteins Can Spread Specific Chromatin Modifications for Long Distances Along a Chromosome
	Barrier DNA Sequences Block the Spread of Reader–Writer Complexes and thereby Separate Neighboring Chromatin Domains
	The Chromatin in Centromeres Reveals How Histone Variants Can Create Special Structures
	Chromatin Structures Can Be Directly Inherited
	Chromatin Structures Add Unique Features to Eucaryotic Chromosome Function
	Summary

	THE GLOBAL STRUCTURE OF CHROMOSOMES
	Chromosomes Are Folded into Large Loops of Chromatin
	Polytene Chromosomes Are Uniquely Useful for Visualizing Chromatin Structures
	There Are Multiple Forms of Heterochromatin
	Chromatin Loops Decondense When the Genes Within Them Are Expressed
	Chromatin Can Move to Specific Sites Within the Nucleus to Alter Gene Expression
	Networks of Macromolecules Form a Set of Distinct Biochemical Environments inside the Nucleus
	Mitotic Chromosomes Are Formed from Chromatin in Its Most Condensed State
	Summary

	HOW GENOMES EVOLVE
	Genome Alterations are Caused by Failures of the Normal Mechanisms for Copying and Maintaining DNA
	The Genome Sequences of Two Species Differ in Proportion to the Length of Time That They Have Separately Evolved
	Phylogenetic Trees Constructed from a Comparison of DNA Sequences Trace the Relationships of All Organisms
	A Comparison of Human and Mouse Chromosomes Shows How The Structures of Genomes Diverge
	The Size of a Vertebrate Genome Reflects the Relative Rates of DNA Addition and DNA Loss in a Lineage
	We Can Reconstruct the Sequence of Some Ancient Genomes
	Multispecies Sequence Comparisons Identify Important DNA Sequences of Unknown Function
	Accelerated Changes in Previously Conserved Sequences Can Help Decipher Critical Steps in Human Evolution
	Gene Duplication Provides an Important Source of Genetic Novelty During Evolution
	Duplicated Genes Diverge
	The Evolution of the Globin Gene Family Shows How DNA Duplications Contribute to the Evolution of Organisms
	Genes Encoding New Proteins Can Be Created by the Recombination of Exons
	Neutral Mutations Often Spread to Become Fixed in a Population, with a Probability that Depends on Population Size
	A Great Deal Can Be Learned from Analyses of the Variation Among Humans
	Summary

	PROBLEMS
	REFERENCES

	Chapter 5 DNA Replication, Repair, and Recombination
	THE MAINTENANCE OF DNA SEQUENCES
	Mutation Rates Are Extremely Low
	Low Mutation Rates Are Necessary for Life as We Know It
	Summary

	DNA REPLICATION MECHANISMS
	Base-Pairing Underlies DNA Replication and DNA Repair
	The DNA Replication Fork Is Asymmetrical
	The High Fidelity of DNA Replication Requires Several Proofreading Mechanisms
	Only DNA Replication in the 5'-to-3' Direction Allows Efficient Error Correction
	A Special Nucleotide-Polymerizing Enzyme Synthesizes Short RNA Primer Molecules on the Lagging Strand
	Special Proteins Help to Open Up the DNA Double Helix in Front of the Replication Fork
	A Sliding Ring Holds a Moving DNA Polymerase onto the DNA
	The Proteins at a Replication Fork Cooperate to Form a Replication Machine
	A Strand-Directed Mismatch Repair System Removes Replication Errors That Escape from the Replication Machine
	DNA Topoisomerases Prevent DNA Tangling During Replication
	DNA Replication Is Fundamentally Similar in Eucaryotes and Bacteria
	Summary

	THE INITIATION AND COMPLETION OF DNA REPLICATION IN CHROMOSOMES
	DNA Synthesis Begins at Replication Origins
	Bacterial Chromosomes Typically Have a Single Origin of DNA Replication
	Eucaryotic Chromosomes Contain Multiple Origins of Replication
	In Eucaryotes DNA Replication Takes Place During Only One Part of the Cell Cycle
	Different Regions on the Same Chromosome Replicate at Distinct Times in S Phase
	Highly Condensed Chromatin Replicates Late, While Genes in Less Condensed Chromatin Tend to Replicate Early
	Well-defined DNA Sequences Serve as Replication Origins in a Simple Eucaryote, the Budding Yeast
	A Large Multisubunit Complex Binds to Eucaryotic Origins of Replication
	The Mammalian DNA Sequences That Specify the Initiation of Replication Have Been Difficult to Identify
	New Nucleosomes Are Assembled Behind the Replication Fork
	The Mechanisms of Eucaryotic Chromosome Duplication Ensure That Patterns of Histone Modification Can Be Inherited
	Telomerase Replicates the Ends of Chromosomes
	Telomere Length Is Regulated by Cells and Organisms
	Summary

	DNA REPAIR
	Without DNA Repair, Spontaneous DNA Damage Would Rapidly Change DNA Sequences
	The DNA Double Helix Is Readily Repaired
	DNA Damage Can Be Removed by More Than One Pathway
	Coupling DNA Repair to Transcription Ensures That the Cell’s Most Important DNA Is Efficiently Repaired
	The Chemistry of the DNA Bases Facilitates Damage Detection
	Special DNA Polymerases Are Used in Emergencies to Repair DNA
	Double-Strand Breaks Are Efficiently Repaired
	DNA Damage Delays Progression of the Cell Cycle
	Summary

	HOMOLOGOUS RECOMBINATION
	Homologous Recombination Has Many Uses in the Cell
	Homologous Recombination Has Common Features in All Cells
	DNA Base-Pairing Guides Homologous Recombination
	The RecA Protein and its Homologs Enable a DNA Single Strandto Pair with a Homologous Region of DNA Double Helix
	Branch Migration Can either Enlarge Heteroduplex Regions or Release Newly Synthesized DNA as a Single Strand
	Homologous Recombination Can Flawlessly Repair Double-Stranded Breaks in DNA
	Cells Carefully Regulate the Use of Homologous Recombination in DNA Repair
	Holliday Junctions Are Often Formed During Homologous Recombination Events
	Meiotic Recombination Begins with a Programmed Double-Strand Break
	Homologous Recombination Often Results in Gene Conversion
	Mismatch Proofreading Prevents Promiscuous Recombination Between Two Poorly Matched DNA Sequences
	Summary

	TRANSPOSITION AND CONSERVATIVE SITE-SPECIFIC RECOMBINATION
	Through Transposition, Mobile Genetic Elements Can Insert Into Any DNA Sequence
	DNA-Only Transposons Move by Both Cut-and-Paste and Replicative Mechanisms
	Some Viruses Use a Transposition Mechanism to Move Themselves into Host Cell Chromosomes
	Retroviral-like Retrotransposons Resemble Retroviruses, but Lack a Protein Coat
	A Large Fraction of the Human Genome Is Composed of Nonretroviral Retrotransposons
	Different Transposable Elements Predominate in Different Organisms
	Genome Sequences Reveal the Approximate Times that Transposable Elements Have Moved
	Conservative Site-specific Recombination Can Reversibly Rearrange DNA
	Conservative Site-Specific Recombination Was Discovered in Bacteriophage lambda
	Conservative Site-Specific Recombination Can Be Used to Turn Genes On or Off
	Summary

	PROBLEMS
	REFERENCES

	Chapter 6 How Cells Read the Genome: From DNA to Protein
	FROM DNA TO RNA
	Portions of DNA Sequence Are Transcribed into RNA
	Transcription Produces RNA Complementary to One Strand of DNA
	Cells Produce Several Types of RNA
	Signals Encoded in DNA Tell RNA Polymerase Where to Start and Stop
	Transcription Start and Stop Signals Are Heterogeneous in Nucleotide Sequence
	Transcription Initiation in Eucaryotes Requires Many Proteins
	RNA Polymerase II Requires General Transcription Factors
	Polymerase II Also Requires Activator, Mediator, and Chromatin-Modifying Proteins
	Transcription Elongation Produces Superhelical Tension in DNA
	Transcription Elongation in Eucaryotes Is Tightly Coupled to RNA Processing
	RNA Capping Is the First Modification of Eucaryotic Pre-mRNAs
	RNA Splicing Removes Intron Sequences from Newly Transcribed Pre-mRNAs
	Nucleotide Sequences Signal Where Splicing Occurs
	RNA Splicing Is Performed by the Spliceosome
	The Spliceosome Uses ATP Hydrolysis to Produce a Complex Series of RNA–RNA Rearrangements
	Other Properties of Pre-mRNA and Its Synthesis Help to Explain the Choice of Proper Splice Sites
	A Second Set of snRNPs Splice a Small Fraction of Intron Sequences in Animals and Plants
	RNA Splicing Shows Remarkable Plasticity
	Spliceosome-Catalyzed RNA Splicing Probably Evolved from Self-splicing Mechanisms
	RNA-Processing Enzymes Generate the 3' End of Eucaryotic mRNAs
	Mature Eucaryotic mRNAs Are Selectively Exported from the Nucleus
	Many Noncoding RNAs Are Also Synthesized and Processed in the Nucleus
	The Nucleolus Is a Ribosome-Producing Factory
	The Nucleus Contains a Variety of Subnuclear Structures
	Summary

	FROM RNA TO PROTEIN
	An mRNA Sequence Is Decoded in Sets of Three Nucleotides
	tRNA Molecules Match Amino Acids to Codons in mRNA
	tRNAs Are Covalently Modified Before They Exit from the Nucleus
	Specific Enzymes Couple Each Amino Acid to Its Appropriate tRNA Molecule
	Editing by tRNA Synthetases Ensures Accuracy
	Amino Acids Are Added to the C-terminal End of a Growing Polypeptide Chain
	The RNA Message Is Decoded in Ribosomes
	Elongation Factors Drive Translation Forward and Improve Its Accuracy
	The Ribosome Is a Ribozyme
	Nucleotide Sequences in mRNA Signal Where to Start Protein Synthesis
	Stop Codons Mark the End of Translation
	Proteins Are Made on Polyribosomes
	There Are Minor Variations in the Standard Genetic Code
	Inhibitors of Procaryotic Protein Synthesis Are Useful as Antibiotics
	Accuracy in Translation Requires the Expenditure of Free Energy
	Quality Control Mechanisms Act to Prevent Translation of Damaged mRNAs
	Some Proteins Begin to Fold While Still Being Synthesized
	Molecular Chaperones Help Guide the Folding of Most Proteins
	Exposed Hydrophobic Regions Provide Critical Signals for Protein Quality Control
	The Proteasome Is a Compartmentalized Protease with Sequestered Active Sites
	An Elaborate Ubiquitin-Conjugating System Marks Proteins for Destruction
	Many Proteins Are Controlled by Regulated Destruction
	Abnormally Folded Proteins Can Aggregate to Cause Destructive Human Diseases
	There Are Many Steps From DNA to Protein
	Summary

	THE RNA WORLD AND THE ORIGINS OF LIFE
	Life Requires Stored Information
	Polynucleotides Can Both Store Information and Catalyze Chemical Reactions
	A Pre-RNA World May Predate the RNA World
	Single-Stranded RNA Molecules Can Fold into Highly Elaborate Structures
	Self-Replicating Molecules Undergo Natural Selection
	How Did Protein Synthesis Evolve?
	All Present-Day Cells Use DNA as Their Hereditary Material
	Summary

	PROBLEMS
	REFERENCES

	Chapter 7 Control of Gene Expression
	AN OVERVIEW OF GENE CONTROL
	The Different Cell Types of a Multicellular Organism Contain the Same DNA
	Different Cell Types Synthesize Different Sets of Proteins
	External Signals Can Cause a Cell to Change the Expression of Its Genes
	Gene Expression Can Be Regulated at Many of the Steps in the Pathway from DNA to RNA to Protein
	Summary

	DNA-BINDING MOTIFS IN GENE REGULATORYPROTEINS
	Gene Regulatory Proteins Were Discovered Using Bacterial Genetics
	The Outside of the DNA Helix Can Be Read by Proteins
	Short DNA Sequences Are Fundamental Components of Genetic Switches
	Gene Regulatory Proteins Contain Structural Motifs That Can Read DNA Sequences
	The Helix–Turn–Helix Motif Is One of the Simplest and Most Common DNA-Binding Motifs
	Homeodomain Proteins Constitute a Special Class of Helix–Turn–Helix Proteins
	There Are Several Types of DNA-Binding Zinc Finger Motifs
	Beta sheets Can Also Recognize DNA
	Some Proteins Use Loops That Enter the Major and Minor Grooves to Recognize DNA
	The Leucine Zipper Motif Mediates Both DNA Binding and Protein Dimerization
	Heterodimerization Expands the Repertoire of DNA Sequences That Gene Regulatory Proteins Can Recognize
	The Helix–Loop–Helix Motif Also Mediates Dimerization and DNA Binding
	It Is Not Yet Possible to Predict the DNA Sequences Recognized by All Gene Regulatory Proteins
	A Gel-Mobility Shift Assay Readily Detects Sequence-Specific DNA-Binding Proteins
	DNA Affinity Chromatography Facilitates the Purification of Sequence-Specific DNA-Binding Proteins
	The DNA Sequence Recognized by a Gene Regulatory Protein Can Be Determined Experimentally
	Phylogenetic Footprinting Identifies DNA Regulatory Sequences Through Comparative Genomics
	Chromatin Immunoprecipitation Identifies Many of the Sites That Gene Regulatory Proteins Occupy in Living Cells
	Summary

	HOW GENETIC SWITCHES WORK
	The Tryptophan Repressor Is a Simple Switch That Turns Genes On and Off in Bacteria
	Transcriptional Activators Turn Genes On
	A Transcriptional Activator and a Transcriptional Repressor Control the Lac Operon
	DNA Looping Occurs During Bacterial Gene Regulation
	Bacteria Use Interchangeable RNA Polymerase Subunits to Help Regulate Gene Transcription
	Complex Switches Have Evolved to Control Gene Transcription in Eucaryotes
	A Eucaryotic Gene Control Region Consists of a Promoter Plus Regulatory DNA Sequences
	Eucaryotic Gene Activator Proteins Promote the Assembly of RNA Polymerase and the General Transcription Factors at the Startpoint of Transcription
	Eucaryotic Gene Activator Proteins Also Modify Local Chromatin Structure
	Gene Activator Proteins Work Synergistically
	Eucaryotic Gene Repressor Proteins Can Inhibit Transcription in Various Ways
	Eucaryotic Gene Regulatory Proteins Often Bind DNA Cooperatively
	Complex Genetic Switches That Regulate Drosophila Development Are Built Up from Smaller Modules
	The Drosophila Eve Gene Is Regulated by Combinatorial Controls
	Complex Mammalian Gene Control Regions Are Also Constructedfrom Simple Regulatory Modules
	Insulators Are DNA Sequences That Prevent Eucaryotic Gene Regulatory Proteins from Influencing Distant Genes
	Gene Switches Rapidly Evolve
	Summary

	THE MOLECULAR GENETIC MECHANISMS THATCREATE SPECIALIZED CELL TYPES
	DNA Rearrangements Mediate Phase Variation in Bacteria
	A Set of Gene Regulatory Proteins Determines Cell Type in a Budding Yeast
	Two Proteins That Repress Each Other’s Synthesis Determine the Heritable State of Bacteriophage Lambda
	Simple Gene Regulatory Circuits Can Be Used to Make Memory Devices
	Transcription Circuits Allow the Cell to Carry Out Logic Operations
	Synthetic Biology Creates New Devices from Existing Biological Parts
	Circadian Clocks Are Based on Feedback Loops in Gene Regulation
	A Single Gene Regulatory Protein Can Coordinate the Expression of a Set of Genes
	Expression of a Critical Gene Regulatory Protein Can Trigger the Expression of a Whole Battery of Downstream Genes
	Combinatorial Gene Control Creates Many Different Cell Types in Eucaryotes
	A Single Gene Regulatory Protein Can Trigger the Formation of an Entire Organ
	The Pattern of DNA Methylation Can Be Inherited When Vertebrate Cells Divide
	Genomic Imprinting Is Based on DNA Methylation
	CG-Rich Islands Are Associated with Many Genes in Mammals
	Epigenetic Mechanisms Ensure That Stable Patterns of Gene Expression Can Be Transmitted to Daughter Cells
	Chromosome-Wide Alterations in Chromatin Structure Can Be Inherited
	The Control of Gene Expression is Intrinsically Noisy
	Summary

	POST-TRANSCRIPTIONAL CONTROLS
	Transcription Attenuation Causes the Premature Termination of Some RNA Molecules
	Riboswitches Might Represent Ancient Forms of Gene Control
	Alternative RNA Splicing Can Produce Different Forms of a Protein from the Same Gene
	The Definition of a Gene Has Had to Be Modified Since the Discovery of Alternative RNA Splicing
	Sex Determination in Drosophila Depends on a Regulated Series of RNA Splicing Events
	A Change in the Site of RNA Transcript Cleavage and Poly-A Addition Can Change the C-terminus of a Protein
	RNA Editing Can Change the Meaning of the RNA Message
	RNA Transport from the Nucleus Can Be Regulated
	Some mRNAs Are Localized to Specific Regions of the Cytoplasm
	The 5' and 3' Untranslated Regions of mRNAs Control Their Translation
	The Phosphorylation of an Initiation Factor Regulates Protein Synthesis Globally
	Initiation at AUG Codons Upstream of the Translation Start Can Regulate Eucaryotic Translation Initiation
	Internal Ribosome Entry Sites Provide Opportunities for Translation Control
	Changes in mRNA Stability Can Regulate Gene Expression
	Cytoplasmic Poly-A Addition Can Regulate Translation
	Small Noncoding RNA Transcripts Regulate Many Animal and Plant Genes
	RNA Interference Is a Cell Defense Mechanism
	RNA Interference Can Direct Heterochromatin Formation
	RNA Interference Has Become a Powerful Experimental Tool
	Summary

	PROBLEMS
	REFERENCES


	Part III METHODS
	Chapter 8 Manipulating Proteins, DNA, and RNA
	ISOLATING CELLS AND GROWING THEM IN CULTURE
	Cells Can Be Isolated from Intact Tissues
	Cells Can Be Grown in Culture
	Eucaryotic Cell Lines Are a Widely Used Source of Homogeneous Cells
	Embryonic Stem Cells Could Revolutionize Medicine
	Somatic Cell Nuclear Transplantation May Provide a Way to Generate Personalized Stem Cells
	Hybridoma Cell Lines Are Factories That Produce Monoclonal Antibodies
	Summary

	PURIFYING PROTEINS
	Cells Can Be Separated into Their Component Fractions
	Cell Extracts Provide Accessible Systems to Study Cell Functions
	Proteins Can Be Separated by Chromatography
	Affinity Chromatography Exploits Specific Binding Sites on Proteins
	Genetically-Engineered Tags Provide an Easy Way to Purify Proteins
	Purified Cell-free Systems Are Required for the Precise Dissection of Molecular Functions
	Summary

	ANALYZING PROTEINS
	Proteins Can Be Separated by SDS Polyacrylamide-Gel Electrophoresis
	Specific Proteins Can Be Detected by Blotting with Antibodies
	Mass Spectrometry Provides a Highly Sensitive Method for Identifying Unknown Proteins
	Two-Dimensional Separation Methods are Especially Powerful
	Hydrodynamic Measurements Reveal the Size and Shape of a Protein Complex
	Sets of Interacting Proteins Can Be Identified by Biochemical Methods
	Protein–Protein Interactions Can Also Be Identified by a Two-Hybrid Technique in Yeast
	Combining Data Derived from Different Techniques Produces Reliable Protein-Interaction Maps
	Optical Methods Can Monitor Protein Interactions in Real Time
	Some Techniques Can Monitor Single Molecules
	Protein Function Can Be Selectively Disrupted With Small Molecules
	Protein Structure Can Be Determined Using X-Ray Diffraction
	NMR Can Be Used to Determine Protein Structure in Solution
	Protein Sequence and Structure Provide Clues About Protein Function
	Summary

	ANALYZING AND MANIPULATING DNA
	Restriction Nucleases Cut Large DNA Molecules into Fragments
	Gel Electrophoresis Separates DNA Molecules of Different Sizes
	Purified DNA Molecules Can Be Specifically Labeled with Radioisotopes or Chemical Markers in vitro
	Nucleic Acid Hybridization Reactions Provide a Sensitive Way to Detect Specific Nucleotide Sequences
	Northern and Southern Blotting Facilitate Hybridization with Electrophoretically Separated Nucleic Acid Molecules
	Genes Can Be Cloned Using DNA Libraries
	Two Types of DNA Libraries Serve Different Purposes
	cDNA Clones Contain Uninterrupted Coding Sequences
	Genes Can Be Selectively Amplified by PCR
	Cells Can Be Used As Factories to Produce Specific Proteins
	Proteins and Nucleic Acids Can Be Synthesized Directly by Chemical Reactions
	DNA Can Be Rapidly Sequenced
	Nucleotide Sequences Are Used to Predict the Amino Acid Sequences of Proteins
	The Genomes of Many Organisms Have Been Fully Sequenced
	Summary

	STUDYING GENE EXPRESSION AND FUNCTION
	Classical Genetics Begins by Disrupting a Cell Process by Random Mutagenesis
	Genetic Screens Identify Mutants with Specific Abnormalities
	Mutations Can Cause Loss or Gain of Protein Function
	Complementation Tests Reveal Whether Two Mutations Are in the Same Gene or Different Genes
	Genes Can Be Ordered in Pathways by Epistasis Analysis
	Genes Identified by Mutations Can Be Cloned
	Human Genetics Presents Special Problems and Opportunities
	Human Genes Are Inherited in Haplotype Blocks, Which Can Aid in the Search for Mutations That Cause Disease
	Complex Traits Are Influenced by Multiple Genes
	Reverse Genetics Begins with a Known Gene and Determines Which Cell Processes Require Its Function
	Genes Can Be Engineered in Several Ways
	Engineered Genes Can Be Inserted into the Germ Line of Many Organisms
	Animals Can Be Genetically Altered
	Transgenic Plants Are Important for Both Cell Biology and Agriculture
	Large Collections of Tagged Knockouts Provide a Tool for Examining the Function of Every Gene in an Organism
	RNA Interference Is a Simple and Rapid Way to Test Gene Function
	Reporter Genes and In Situ Hybridization Reveal When and Where a Gene Is Expressed
	Expression of Individual Genes Can Be Measured Using Quantitative RT-PCR
	Microarrays Monitor the Expression of Thousands of Genes at Once
	Single-Cell Gene Expression Analysis Reveals Biological “Noise”
	Summary

	PROBLEMS
	REFERENCES

	Chapter 9 Visualizing Cells
	LOOKING AT CELLS IN THE LIGHT MICROSCOPE
	The Light Microscope Can Resolve Details 0.2 {mu}m Apart
	Living Cells Are Seen Clearly in a Phase-Contrast or a Differential-Interference-Contrast Microscope
	Images Can Be Enhanced and Analyzed by Digital Techniques
	Intact Tissues Are Usually Fixed and Sectioned before Microscopy
	Specific Molecules Can Be Located in Cells by Fluorescence Microscopy
	Antibodies Can Be Used to Detect Specific Molecules
	Imaging of Complex Three-Dimensional Objects Is Possible with the Optical Microscope
	The Confocal Microscope Produces Optical Sections by Excluding Out-of-Focus Light
	Fluorescent Proteins Can Be Used to Tag Individual Proteins in Living Cells and Organisms
	Protein Dynamics Can Be Followed in Living Cells
	Light-Emitting Indicators Can Measure Rapidly Changing Intracellular Ion Concentrations
	Several Srategies Are Available by Which Membrane-Impermeant Substances Can Be Introduced into Cells
	Light Can Be Used to Manipulate Microscopic Objects As Well As to Image Them
	Single Molecules Can Be Visualized by Using Total Internal Reflection Fluorescence Microscopy
	Individual Molecules Can Be Touched and Moved Using Atomic Force Microscopy
	Molecules Can Be Labeled with Radioisotopes
	Radioisotopes Are Used to Trace Molecules in Cells and Organisms
	Summary

	LOOKING AT CELLS AND MOLECULES IN THE ELECTRON MICROSCOPE
	The Electron Microscope Resolves the Fine Structure of the Cell
	Biological Specimens Require Special Preparation for the Electron Microscope
	Specific Macromolecules Can Be Localized by Immunogold Electron Microscopy
	Images of Surfaces Can Be Obtained by Scanning Electron Microscopy
	Metal Shadowing Allows Surface Features to Be Examined at High Resolution by Transmission Electron Microscopy
	Negative Staining and Cryoelectron Microscopy Both Allow Macromolecules to Be Viewed at High Resolution
	Multiple Images Can Be Combined to Increase Resolution
	Different Views of a Single Object Can Be Combined to Give a Three-dimensional Reconstruction
	Summary

	PROBLEMS
	REFERENCES


	Part IV INTERNAL ORGANIZATION OF THE CELL
	Chapter 10 Membrane Structure
	THE LIPID BILAYER
	Phosphoglycerides, Sphingolipids, and Sterols Are the Major Lipids in Cell Membranes
	Phospholipids Spontaneously Form Bilayers
	The Lipid Bilayer Is a Two-dimensional Fluid
	The Fluidity of a Lipid Bilayer Depends on Its Composition
	Despite Their Fluidity, Lipid Bilayers Can Form Domains of Different Compositions
	Lipid Droplets Are Surrounded by a Phospholipid Monolayer
	The Asymmetry of the Lipid Bilayer Is Functionally Important
	Glycolipids Are Found on the Surface of All Plasma Membranes
	Summary

	MEMBRANE PROTEINS
	Membrane Proteins Can Be Associated with the Lipid Bilayer in Various Ways
	Lipid Anchors Control the Membrane Localization of Some Signaling Proteins
	In Most Transmembrane Proteins the Polypeptide Chain Crosses the Lipid Bilayer in an {alpha}-Helical Conformation
	Transmembrane {alpha} Helices Often Interact with One Another
	Some {beta} Barrels Form Large Transmembrane Channels
	Many Membrane Proteins Are Glycosylated
	Membrane Proteins Can Be Solubilized and Purified in Detergents
	Bacteriorhodopsin Is a Light-Driven Proton Pump That Traverses the Lipid Bilayer as Seven {alpha} Helices
	Membrane Proteins Often Function as Large Complexes
	Many Membrane Proteins Diffuse in the Plane of the Membrane
	Cells Can Confine Proteins and Lipids to Specific Domains Within a Membrane
	The Cortical Cytoskeleton Gives Membranes Mechanical Strength and Restricts Membrane Protein Diffusion
	Summary

	PROBLEMS
	REFERENCES

	Chapter 11 Membrane Transport of Small Molecules and the Electrical Properties of Membranes
	PRINCIPLES OF MEMBRANE TRANSPORT
	Protein-Free Lipid Bilayers Are Highly Impermeable to Ions
	There Are Two Main Classes of Membrane Transport Proteins: Transporters and Channels
	Active Transport Is Mediated by Transporters Coupled to an Energy Source
	Summary

	TRANSPORTERS AND ACTIVE MEMBRANETRANSPORT
	Active Transport Can Be Driven by Ion Gradients
	Transporters in the Plasma Membrane Regulate Cytosolic pH
	An Asymmetric Distribution of Transporters in Epithelial Cells Underlies the Transcellular Transport of Solutes
	There Are Three Classes of ATP-Driven Pumps
	The Ca2+ Pump Is the Best-Understood P-type ATPase
	The Plasma Membrane P-type Na+-K+ Pump Establishes the Na+ Gradient Across the Plasma Membrane
	ABC Transporters Constitute the Largest Family of Membrane Transport Proteins
	Summary

	ION CHANNELS AND THE ELECTRICAL PROPERTIESOF MEMBRANES
	Ion Channels Are Ion-Selective and Fluctuate Between Open and Closed States
	The Membrane Potential in Animal Cells Depends Mainly on K+ Leak Channels and the K+ Gradient Across the Plasma Membrane
	The Resting Potential Decays Only Slowly When the Na+-K+ PumpIs Stopped
	The Three-Dimensional Structure of a Bacterial K+ Channel Shows How an Ion Channel Can Work
	Aquaporins Are Permeable to Water But Impermeable to Ions
	The Function of a Neuron Depends on Its Elongated Structure
	Voltage-Gated Cation Channels Generate Action Potentials in Electrically Excitable Cells
	Myelination Increases the Speed and Efficiency of Action Potential Propagation in Nerve Cells
	Patch-Clamp Recording Indicates That Individual Gated Channels Open in an All-or-Nothing Fashion
	Voltage-Gated Cation Channels Are Evolutionarily and Structurally Related
	Transmitter-Gated Ion Channels Convert Chemical Signals into Electrical Ones at Chemical Synapses
	Chemical Synapses Can Be Excitatory or Inhibitory
	The Acetylcholine Receptors at the Neuromuscular Junction Are Transmitter-Gated Cation Channels
	Transmitter-Gated Ion Channels Are Major Targets for Psychoactive Drugs
	Neuromuscular Transmission Involves the Sequential Activation of Five Different Sets of Ion Channels
	Single Neurons Are Complex Computation Devices
	Neuronal Computation Requires a Combination of at Least Three Kinds of K+ Channels
	Long-Term Potentiation (LTP) in the Mammalian Hippocampus Depends on Ca2+ Entry Through NMDA-Receptor Channels
	Summary

	PROBLEMS
	REFERENCES

	Chapter 12 Intracellular Compartments and Protein Sorting
	THE COMPARTMENTALIZATION OF CELLS
	All Eucaryotic Cells Have the Same Basic Set of Membrane-Enclosed Organelles
	Evolutionary Origins Explain the Topological Relationships of Organelles
	Proteins Can Move Between Compartments in Different Ways
	Signal Sequences Direct Proteins to the Correct Cell Address
	Most Organelles Cannot Be Constructed De Novo: They Require Information in the Organelle Itself
	Summary

	THE TRANSPORT OF MOLECULES BETWEEN THE NUCLEUS AND THE CYTOSOL
	Nuclear Pore Complexes Perforate the Nuclear Envelope
	Nuclear Localization Signals Direct Nuclear Proteins to the Nucleus
	Nuclear Import Receptors Bind to Both Nuclear LocalizationSignals and NPC Proteins
	Nuclear Export Works Like Nuclear Import, But in Reverse
	The Ran GTPase Imposes Directionality on Transport Through NPCs
	Transport Through NPCs Can Be Regulated by Controlling Access to the Transport Machinery
	During Mitosis the Nuclear Envelope Disassembles
	Summary

	THE TRANSPORT OF PROTEINS INTO MITOCHONDRIA AND CHLOROPLASTS
	Translocation into Mitochondria Depends on Signal Sequences and Protein Translocators
	Mitochondrial Precursor Proteins Are Imported as Unfolded Polypeptide Chains
	ATP Hydrolysis and a Membrane Potential Drive Protein Import Into the Matrix Space
	Bacteria and Mitochondria Use Similar Mechanisms to Insert Porins into their Outer Membrane
	Transport Into the Inner Mitochondrial Membrane and Intermembrane Space Occurs Via Several Routes
	Two Signal Sequences Direct Proteins to the Thylakoid Membrane in Chloroplasts
	Summary

	PEROXISOMES
	Peroxisomes Use Molecular Oxygen and Hydrogen Peroxide to Perform Oxidation Reactions
	A Short Signal Sequence Directs the Import of Proteins into Peroxisomes
	Summary

	THE ENDOPLASMIC RETICULUM
	The ER Is Structurally and Functionally Diverse
	Signal Sequences Were First Discovered in Proteins Imported into the Rough ER
	A Signal-Recognition Particle (SRP) Directs ER Signal Sequences to a Specific Receptor in the Rough ER Membrane
	The Polypeptide Chain Passes Through an Aqueous Pore in the Translocator
	Translocation Across the ER Membrane Does Not Always Require Ongoing Polypeptide Chain Elongation
	In Single-Pass Transmembrane Proteins, a Single Internal ER Signal Sequence Remains in the Lipid Bilayer as a Membrane-Spanning {alpha} Helix
	Combinations of Start-Transfer and Stop-Transfer Signals Determine the Topology of Multipass Transmembrane Proteins
	Translocated Polypeptide Chains Fold and Assemble in the Lumen of the Rough ER
	Most Proteins Synthesized in the Rough ER Are Glycosylated by the Addition of a Common N-Linked Oligosaccharide
	Oligosaccharides Are Used as Tags to Mark the State of Protein Folding
	Improperly Folded Proteins Are Exported from the ER and Degraded in the Cytosol
	Misfolded Proteins in the ER Activate an Unfolded Protein Response
	Some Membrane Proteins Acquire a Covalently Attached Glycosylphosphatidylinositol (GPI) Anchor
	The ER Assembles Most Lipid Bilayers
	Summary

	PROBLEMS
	REFERENCES

	Chapter 13 Intracellular Vesicular Traffic
	THE MOLECULAR MECHANISMS OF MEMBRANE TRANSPORT AND THE MAINTENANCE OF COMPARTMENTAL DIVERSITY
	There Are Various Types of Coated Vesicles
	The Assembly of a Clathrin Coat Drives Vesicle Formation
	Not All Coats Form Basketlike Structures
	Phosphoinositides Mark Organelles and Membrane Domains
	Cytoplasmic Proteins Regulate the Pinching-Off and Uncoating of Coated Vesicles
	Monomeric GTPases Control Coat Assembly
	Not All Transport Vesicles Are Spherical
	Rab Proteins Guide Vesicle Targeting
	SNAREs Mediate Membrane Fusion
	Interacting SNAREs Need to Be Pried Apart Before They Can Function Again
	Viral Fusion Proteins and SNAREs May Use Similar Fusion Mechanisms
	Summary

	TRANSPORT FROM THE ER THROUGH THE GOLGI APPARATUS
	Proteins Leave the ER in COPII-Coated Transport Vesicles
	Only Proteins That Are Properly Folded and Assembled Can Leave the ER
	Vesicular Tubular Clusters Mediate Transport from the ER to the Golgi Apparatus
	The Retrieval Pathway to the ER Uses Sorting Signals
	Many Proteins Are Selectively Retained in the Compartments in Which They Function
	The Golgi Apparatus Consists of an Ordered Series of Compartments
	Oligosaccharide Chains Are Processed in the Golgi Apparatus
	Proteoglycans Are Assembled in the Golgi Apparatus
	What Is the Purpose of Glycosylation?
	Transport Through the Golgi Apparatus May Occur by Vesicular Transport or by Cisternal Maturation
	Golgi Matrix Proteins Help Organize the Stack
	Summary

	TRANSPORT FROM THE TRANS GOLGI NETWORK TO LYSOSOMES
	Lysosomes Are the Principal Sites of Intracellular Digestion
	Lysosomes Are Heterogeneous
	Plant and Fungal Vacuoles Are Remarkably Versatile Lysosomes
	Multiple Pathways Deliver Materials to Lysosomes
	A Mannose 6-Phosphate Receptor Recognizes Lysosomal Proteins in the Trans Golgi Network
	The M6P Receptor Shuttles Between Specific Membranes
	A Signal Patch in the Hydrolase Polypeptide Chain Provides the Cue for M6P Addition
	Defects in the GlcNAc Phosphotransferase Cause a Lysosomal Storage Disease in Humans
	Some Lysosomes Undergo Exocytosis
	Summary

	TRANSPORT INTO THE CELL FROM THE PLASMA MEMBRANE: ENDOCYTOSIS
	Specialized Phagocytic Cells Can Ingest Large Particles
	Pinocytic Vesicles Form from Coated Pits in the Plasma Membrane
	Not All Pinocytic Vesicles Are Clathrin-Coated
	Cells Use Receptor-Mediated Endocytosis to Import Selected Extracellular Macromolecules
	Endocytosed Materials That Are Not Retrieved from Endosomes End Up in Lysosomes
	Specific Proteins Are Retrieved from Early Endosomes and Returned to the Plasma Membrane
	Multivesicular Bodies Form on the Pathway to Late Endosomes
	Transcytosis Transfers Macromolecules Across Epithelial Cell Sheets
	Epithelial Cells Have Two Distinct Early Endosomal Compartments but a Common Late Endosomal Compartment
	Summary

	TRANSPORT FROM THE TRANS GOLGI NETWORK TO THE CELL EXTERIOR: EXOCYTOSIS
	Many Proteins and Lipids Seem to Be Carried Automatically from the Golgi Apparatus to the Cell Surface
	Secretory Vesicles Bud from the Trans Golgi Network
	Proteins Are Often Proteolytically Processed During the Formation of Secretory Vesicles
	Secretory Vesicles Wait Near the Plasma Membrane Until Signaled to Release Their Contents
	Regulated Exocytosis Can Be a Localized Response of the Plasma Membrane and Its Underlying Cytoplasm
	Secretory Vesicle Membrane Components Are Quickly Removed from the Plasma Membrane
	Some Regulated Exocytosis Events Serve to Enlarge the Plasma Membrane
	Polarized Cells Direct Proteins from the Trans Golgi Network to the Appropriate Domain of the Plasma Membrane
	Different Strategies Guide Membrane Proteins and Lipids Selectively to the Correct Plasma Membrane Domains
	Synaptic Vesicles Can Form Directly from Endocytic Vesicles
	Summary

	PROBLEMS
	REFERENCES

	Chapter 14 Energy Conversion: Mitochondria and Chloroplasts
	THE MITOCHONDRION
	The Mitochondrion Contains an Outer Membrane, an Inner Membrane, and Two Internal Compartments
	The Citric Acid Cycle Generates High-Energy Electrons
	A Chemiosmotic Process Converts Oxidation Energy into ATP
	NADH Transfers its Electrons to Oxygen Through Three Large Respiratory Enzyme Complexes
	As Electrons Move Along the Respiratory Chain, Energy Is Stored as an Electrochemical Proton Gradient Acrossthe Inner Membrane
	The Proton Gradient Drives ATP Synthesis
	The Proton Gradient Drives Coupled Transport Across the Inner Membrane
	Proton Gradients Produce Most of the Cell’s ATP
	Mitochondria Maintain a High ATP:ADP Ratio in Cells
	A Large Negative Value of DG for ATP Hydrolysis Makes ATP Useful to the Cell
	ATP Synthase Can Function in Reverse to Hydrolyze ATP and Pump H+
	Summary

	ELECTRON-TRANSPORT CHAINS AND THEIR PROTON PUMPS
	Protons Are Unusually Easy to Move
	The Redox Potential Is a Measure of Electron Affinities
	Electron Transfers Release Large Amounts of Energy
	Spectroscopic Methods Identified Many Electron Carriers in the Respiratory Chain
	The Respiratory Chain Includes Three Large Enzyme Complexes Embedded in the Inner Membrane
	An Iron–Copper Center in Cytochrome Oxidase Catalyzes Efficient O2 Reduction
	Electron Transfers in the Inner Mitochondrial Membrane Are Mediated by Electron Tunneling during Random Collisions
	A Large Drop in Redox Potential Across Each of the Three Respiratory Enzyme Complexes Provides the Energy for H+ Pumping
	The H+ Pumping Occurs by Distinct Mechanisms in the Three Major Enzyme Complexes
	H+ Ionophores Uncouple Electron Transport from ATP Synthesis
	Respiratory Control Normally Restrains Electron Flow Through the Chain
	Natural Uncouplers Convert the Mitochondria in Brown Fat into Heat-Generating Machines
	The Mitochondrion Has Many Critical Roles in Cell Metabolism
	Bacteria Also Exploit Chemiosmotic Mechanisms to Harness Energy
	Summary

	CHLOROPLASTS AND PHOTOSYNTHESIS
	The Chloroplast Is One Member of the Plastid Family of Organelles
	Chloroplasts Resemble Mitochondria But Have an Extra Compartment
	Chloroplasts Capture Energy from Sunlight and Use It to Fix Carbon
	Carbon Fixation Is Catalyzed by Ribulose Bisphosphate Carboxylase
	Each CO2 Molecule That Is Fixed Consumes Three Molecules of ATP and Two Molecules of NADPH
	Carbon Fixation in Some Plants Is Compartmentalized to Facilitate Growth at Low CO2 Concentrations
	Photosynthesis Depends on the Photochemistry of Chlorophyll Molecules
	A Photochemical Reaction Center Plus an Antenna Complex Form a Photosystem
	In a Reaction Center, Light Energy Captured by Chlorophyll Creates a Strong Electron Donor from a Weak One
	Noncyclic Photophosphorylation Produces Both NADPH and ATP
	Chloroplasts Can Make ATP by Cyclic Photophosphorylation Without Making NADPH
	Photosystems I and II Have Related Structures, and Also Resemble Bacterial Photosystems
	The Proton-Motive Force Is the Same in Mitochondria and Chloroplasts
	Carrier Proteins in the Chloroplast Inner Membrane Control Metabolite Exchange with the Cytosol
	Chloroplasts Also Perform Other Crucial Biosyntheses
	Summary

	THE GENETIC SYSTEMS OF MITOCHONDRIA AND PLASTIDS
	Mitochondria and Chloroplasts Contain Complete Genetic Systems
	Organelle Growth and Division Determine the Number of Mitochondria and Plastids in a Cell
	Mitochondria and Chloroplasts Have Diverse Genomes
	Mitochondria and Chloroplasts Probably Both Evolved from Endosymbiotic Bacteria
	Mitochondria Have a Relaxed Codon Usage and Can Have a Variant Genetic Code
	Animal Mitochondria Contain the Simplest Genetic Systems Known
	The Chloroplast Genome of Higher Plants Contains About 120 Genes
	Mitochondrial Genes Are Inherited by a Non-Mendelian Mechanism
	Organelle Genes Are Maternally Inherited in Many Organisms
	Petite Mutants in Yeasts Demonstrate the Overwhelming Importance of the Cell Nucleus for Mitochondrial Biogenesis
	Mitochondria and Plastids Contain Tissue-Specific Proteins That Are Encoded in the Cell Nucleus
	Mitochondria Import Most of Their Lipids; Chloroplasts Make Most of Theirs
	Mitochondria May Contribute to the Aging of Cells and Organisms
	Why Do Mitochondria and Chloroplasts Have Their Own Genetic Systems?
	Summary

	THE EVOLUTION OF ELECTRON-TRANSPORT CHAINS
	The Earliest Cells Probably Used Fermentation to Produce ATP
	Electron-Transport Chains Enabled Anaerobic Bacteria to Use Nonfermentable Molecules as Their Major Source of Energy
	By Providing an Inexhaustible Source of Reducing Power, Photosynthetic Bacteria Overcame a Major Evolutionary Obstacle
	The Photosynthetic Electron-Transport Chains of Cyanobacteria Produced Atmospheric Oxygen and Permitted New Life-Forms
	Summary

	PROBLEMS
	REFERENCES

	Chapter 15 Mechanisms of Cell Communication
	GENERAL PRINCIPLES OF CELL COMMUNICATION
	Extracellular Signal Molecules Bind to Specific Receptors
	Extracellular Signal Molecules Can Act Over Either Short or Long Distances
	Gap Junctions Allow Neighboring Cells to Share Signaling Information
	Each Cell Is Programmed to Respond to Specific Combinations of Extracellular Signal Molecules
	Different Types of Cells Usually Respond Differently to the Same Extracellular Signal Molecule
	The Fate of Some Developing Cells Depends on Their Position in Morphogen Gradients
	A Cell Can Alter the Concentration of an Intracellular Molecule Quickly Only If the Lifetime of the Molecule Is Short
	Nitric Oxide Gas Signals by Directly Regulating the Activity of Specific Proteins Inside the Target Cell
	Nuclear Receptors Are Ligand-Modulated Gene Regulatory Proteins
	The Three Largest Classes of Cell-Surface Receptor Proteins Are Ion-Channel-Coupled, G-Protein-Coupled, and Enzyme-Coupled Receptors
	Most Activated Cell-Surface Receptors Relay Signals Via Small Molecules and a Network of Intracellular Signaling Proteins
	Many Intracellular Signaling Proteins Function as Molecular Switches That Are Activated by Phosphorylation or GTP Binding
	Intracellular Signaling Complexes Enhance the Speed, Efficiency, and Specificity of the Response
	Modular Interaction Domains Mediate Interactions Between Intracellular Signaling Proteins
	Cells Can Use Multiple Mechanisms to Respond Abruptly to a Gradually Increasing Concentration of an Extracellular Signal
	Intracellular Signaling Networks Usually Make Use of Feedback Loops
	Cells Can Adjust Their Sensitivity to a Signal
	Summary

	SIGNALING THROUGH G-PROTEIN-COUPLED CELL-SURFACE RECEPTORS (GPCRs) AND SMALL INTRACELLULAR MEDIATORS
	Trimeric G Proteins Relay Signals from GPCRs
	Some G Proteins Regulate the Production of Cyclic AMP
	Cyclic-AMP-Dependent Protein Kinase (PKA) Mediates Most of the Effects of Cyclic AMP
	Some G Proteins Activate An Inositol Phospholipid Signaling Pathway by Activating Phospholipase C-beta
	Ca2+ Functions as a Ubiquitous Intracellular Mediator
	The Frequency of Ca2+ Oscillations Influences a Cell’s Response
	Ca2+/Calmodulin-Dependent Protein Kinases (CaM-Kinases) Mediate Many of the Responses to Ca2+ Signals in Animal Cells
	Some G Proteins Directly Regulate Ion Channels
	Smell and Vision Depend on GPCRs That Regulate Cyclic-Nucleotide-Gated Ion Channels
	Intracellular Mediators and Enzymatic Cascades Amplify Extracellular Signals
	GPCR Desensitization Depends on Receptor Phosphorylation
	Summary

	SIGNALING THROUGH ENZYME-COUPLED CELL-SURFACE RECEPTORS
	Activated Receptor Tyrosine Kinases (RTKs) Phosphorylate Themselves
	Phosphorylated Tyrosines on RTKs Serve as Docking Sites for Intracellular Signaling Proteins
	Proteins with SH2 Domains Bind to Phosphorylated Tyrosines
	Ras Belongs to a Large Superfamily of Monomeric GTPases
	RTKs Activate Ras Via Adaptors and GEFs: Evidence from the Developing Drosophila Eye
	Ras Activates a MAP Kinase Signaling Module
	Scaffold Proteins Help Prevent Cross-Talk Between Parallel MAP Kinase Modules
	Rho Family GTPases Functionally Couple Cell-Surface Receptors to the Cytoskeleton
	PI 3-Kinase Produces Lipid Docking Sites in the Plasma Membrane
	The PI-3-Kinase–Akt Signaling Pathway Stimulates Animal Cells to Survive and Grow
	The Downstream Signaling Pathways Activated By RTKs and GPCRs Overlap
	Tyrosine-Kinase-Associated Receptors Depend on Cytoplasmic Tyrosine Kinases
	Cytokine Receptors Activate the JAK–STAT Signaling Pathway, Providing a Fast Track to the Nucleus
	Protein Tyrosine Phosphatases Reverse Tyrosine Phosphorylations
	Signal Proteins of the TGFbeta Superfamily Act Through Receptor Serine/Threonine Kinases and Smads
	Serine/Threonine and Tyrosine Protein Kinases Are Structurally Related
	Bacterial Chemotaxis Depends on a Two-Component Signaling Pathway Activated by Histidine-Kinase-Associated Receptors
	Receptor Methylation Is Responsible for Adaptation in Bacterial Chemotaxis
	Summary

	SIGNALING PATHWAYS DEPENDENT ON REGULATED PROTEOLYSIS OF LATENT GENE REGULATORY PROTEINS
	The Receptor Protein Notch Is a Latent Gene Regulatory Protein
	Wnt Proteins Bind to Frizzled Receptors and Inhibit the Degradation of beta-Catenin
	Hedgehog Proteins Bind to Patched, Relieving Its Inhibition of Smoothened
	Many Stressful and Inflammatory Stimuli Act Through an NFkappaB-Dependent Signaling Pathway
	Summary

	SIGNALING IN PLANTS
	Multicellularity and Cell Communication Evolved Independently in Plants and Animals
	Receptor Serine/Threonine Kinases Are the Largest Class of Cell-Surface Receptors in Plants
	Ethylene Blocks the Degradation of Specific Gene Regulatory Proteins in the Nucleus
	Regulated Positioning of Auxin Transporters Patterns Plant Growth
	Phytochromes Detect Red Light, and Cryptochromes Detect Blue Light
	Summary

	PROBLEMS
	REFERENCES

	Chapter 16 The Cytoskeleton
	THE SELF-ASSEMBLY AND DYNAMIC STRUCTURE OF CYTOSKELETAL FILAMENTS
	Cytoskeletal Filaments Are Dynamic and Adaptable
	The Cytoskeleton Can Also Form Stable Structures
	Each Type of Cytoskeletal Filament Is Constructed from Smaller Protein Subunits
	Filaments Formed from Multiple Protofilaments Have Advantageous Properties
	Nucleation Is the Rate-Limiting Step in the Formation of a Cytoskeletal Polymer
	The Tubulin and Actin Subunits Assemble Head-to-Tail to Create Polar Filaments
	Microtubules and Actin Filaments Have Two Distinct Ends That Grow at Different Rates
	Filament Treadmilling and Dynamic Instability Are Consequences of Nucleotide Hydrolysis by Tubulin and Actin
	Treadmilling and Dynamic Instability Aid Rapid Cytoskeletal Rearrangement
	Tubulin and Actin Have Been Highly Conserved During Eucaryotic Evolution
	Intermediate Filament Structure Depends on the Lateral Bundling and Twisting of Coiled Coils
	Intermediate Filaments Impart Mechanical Stability to Animal Cells
	Drugs Can Alter Filament Polymerization
	Bacterial Cell Organization and Cell Division Depend on Homologs of the Eucaryotic Cytoskeleton
	Summary

	HOW CELLS REGULATE THEIR CYTOSKELETAL FILAMENTS
	A Protein Complex Containing gamma-Tubulin Nucleates Microtubules
	Microtubules Emanate from the Centrosome in Animal Cells
	Actin Filaments Are Often Nucleated at the Plasma Membrane
	The Mechanism of Nucleation Influences Large-Scale Filament Organization
	Proteins That Bind to the Free Subunits Modify Filament Elongation
	Severing Proteins Regulate the Length and Kinetic Behavior of Actin Filaments and Microtubules
	Proteins That Bind Along the Sides of Filaments Can Either Stabilize or Destabilize Them
	Proteins That Interact with Filament Ends Can Dramatically Change Filament Dynamics
	Different Kinds of Proteins Alter the Properties of Rapidly Growing Microtubule Ends
	Filaments Are Organized into Higher-Order Structures in Cells
	Intermediate Filaments Are Cross-Linked and Bundled Into Strong Arrays
	Cross-linking Proteins with Distinct Properties Organize Different Assemblies of Actin Filaments
	Filamin and Spectrin Form Actin Filament Webs
	Cytoskeletal Elements Make Many Attachments to Membranes
	Summary

	MOLECULAR MOTORS
	Actin-Based Motor Proteins Are Members of the Myosin Superfamily
	There Are Two Types of Microtubule Motor Proteins: Kinesins and Dyneins
	The Structural Similarity of Myosin and Kinesin Indicates a Common Evolutionary Origin
	Motor Proteins Generate Force by Coupling ATP Hydrolysis to Conformational Changes
	Motor Protein Kinetics Are Adapted to Cell Functions
	Motor Proteins Mediate the Intracellular Transport of Membrane-Enclosed Organelles
	The Cytoskeleton Localizes Specific RNA Molecules
	Cells Regulate Motor Protein Function
	Summary

	THE CYTOSKELETON AND CELL BEHAVIOR
	Sliding of Myosin II and Actin Filaments Causes Muscles to Contract
	A Sudden Rise in Cytosolic Ca2+ Concentration Initiates Muscle Contraction
	Heart Muscle Is a Precisely Engineered Machine
	Cilia and Flagella Are Motile Structures Built from Microtubules and Dyneins
	Construction of the Mitotic Spindle Requires Microtubule Dynamics and the Interactions of Many Motor Proteins
	Many Cells Can Crawl Across a Solid Substratum
	Actin Polymerization Drives Plasma Membrane Protrusion
	Cell Adhesion and Traction Allow Cells to Pull Themselves Forward
	Members of the Rho Protein Family Cause Major Rearrangements of the Actin Cytoskeleton
	Extracellular Signals Can Activate the Three Rho Protein Family Members
	External Signals Can Dictate the Direction of Cell Migration
	Communication Between the Microtubule and Actin Cytoskeletons Coordinates Whole-Cell Polarization and Locomotion
	The Complex Morphological Specialization of Neurons Depends on the Cytoskeleton
	Summary

	PROBLEMS
	REFERENCES

	Chapter 17 The Cell Cycle
	OVERVIEW OF THE CELL CYCLE
	The Eucaryotic Cell Cycle Is Divided into Four Phases
	Cell-Cycle Control Is Similar in All Eucaryotes
	Cell-Cycle Control Can Be Dissected Genetically by Analysis of Yeast Mutants
	Cell-Cycle Control Can Be Analyzed Biochemically in Animal Embryos
	Cell-Cycle Control Can Be Studied in Cultured Mammalian Cells
	Cell-Cycle Progression Can Be Studied in Various Ways
	Summary

	THE CELL-CYCLE CONTROL SYSTEM
	The Cell-Cycle Control System Triggers the Major Events of the Cell Cycle
	The Cell-Cycle Control System Depends on Cyclically Activated Cyclin-Dependent Protein Kinases (Cdks)
	Inhibitory Phosphorylation and Cdk Inhibitory Proteins (CKIs) Can Suppress Cdk Activity
	The Cell-Cycle Control System Depends on Cyclical Proteolysis
	Cell-Cycle Control Also Depends on Transcriptional Regulation
	The Cell-Cycle Control System Functions as a Network of Biochemical Switches
	Summary

	S PHASE
	S-Cdk Initiates DNA Replication Once Per Cycle
	Chromosome Duplication Requires Duplication of Chromatin Structure
	Cohesins Help Hold Sister Chromatids Together
	Summary

	MITOSIS
	M-Cdk Drives Entry Into Mitosis
	Dephosphorylation Activates M-Cdk at the Onset of Mitosis
	Condensin Helps Configure Duplicated Chromosomes for Separation
	The Mitotic Spindle Is a Microtubule-Based Machine
	Microtubule-Dependent Motor Proteins Govern Spindle Assembly and Function
	Two Mechanisms Collaborate in the Assembly of a Bipolar Mitotic Spindle
	Centrosome Duplication Occurs Early in the Cell Cycle
	M-Cdk Initiates Spindle Assembly in Prophase
	The Completion of Spindle Assembly in Animal Cells Requires Nuclear Envelope Breakdown
	Microtubule Instability Increases Greatly in Mitosis
	Mitotic Chromosomes Promote Bipolar Spindle Assembly
	Kinetochores Attach Sister Chromatids to the Spindle
	Bi-Orientation Is Achieved by Trial and Error
	Multiple Forces Move Chromosomes on the Spindle
	The APC/C Triggers Sister-Chromatid Separation and the Completion of Mitosis
	Unattached Chromosomes Block Sister-Chromatid Separation: The Spindle Assembly Checkpoint
	Chromosomes Segregate in Anaphase A and B
	Segregated Chromosomes Are Packaged in Daughter Nuclei at Telophase
	Meiosis Is a Special Form of Nuclear Division Involved in Sexual Reproduction
	Summary

	CYTOKINESIS
	Actin and Myosin II in the Contractile Ring Generate the Force for Cytokinesis
	Local Activation of RhoA Triggers Assembly and Contraction of the Contractile Ring
	The Microtubules of the Mitotic Spindle Determine the Plane of Animal Cell Division
	The Phragmoplast Guides Cytokinesis in Higher Plants
	Membrane-Enclosed Organelles Must Be Distributed to Daughter Cells During Cytokinesis
	Some Cells Reposition Their Spindle to Divide Asymmetrically
	Mitosis Can Occur Without Cytokinesis
	The G1 Phase Is a Stable State of Cdk Inactivity
	Summary

	CONTROL OF CELL DIVISION AND CELL GROWTH
	Mitogens Stimulate Cell Division
	Cells Can Delay Division by Entering a Specialized Nondividing State
	Mitogens Stimulate G1-Cdk and G1/S-Cdk Activities
	DNA Damage Blocks Cell Division: The DNA Damage Response
	Many Human Cells Have a Built-In Limitation on the Number of Times They Can Divide
	Abnormal Proliferation Signals Cause Cell-Cycle Arrest or Apoptosis, Except in Cancer Cells
	Organism and Organ Growth Depend on Cell Growth
	Proliferating Cells Usually Coordinate Their Growth and Division
	Neighboring Cells Compete for Extracellular Signal Proteins
	Animals Control Total Cell Mass by Unknown Mechanisms
	Summary

	PROBLEMS
	REFERENCES

	Chapter 18 Apoptosis
	Programmed Cell Death Eliminates Unwanted Cells
	Apoptotic Cells Are Biochemically Recognizable
	Apoptosis Depends on an Intracellular Proteolytic Cascade That Is Mediated by Caspases
	Cell-Surface Death Receptors Activate the Extrinsic Pathway of Apoptosis
	The Intrinsic Pathway of Apoptosis Depends on Mitochondria
	Bcl2 Proteins Regulate the Intrinsic Pathway of Apoptosis
	IAPs Inhibit Caspases
	Extracellular Survival Factors Inhibit Apoptosis in Various Ways
	Either Excessive or Insufficient Apoptosis Can Contribute to Disease
	Summary
	PROBLEMS
	REFERENCES


	Part V CELLS IN THEIR SOCIAL CONTEXT
	Chapter 19 Cell Junctions, Cell Adhesion, and the Extracellular Matrix
	CADHERINS AND CELL–CELL ADHESION
	Cadherins Mediate Ca2+-Dependent Cell–Cell Adhesion in All Animals
	The Cadherin Superfamily in Vertebrates Includes Hundreds of Different Proteins, Including Many with Signaling Functions
	Cadherins Mediate Homophilic Adhesion
	Selective Cell–Cell Adhesion Enables Dissociated Vertebrate Cells to Reassemble into Organized Tissues
	Cadherins Control the Selective Assortment of Cells
	Twist Regulates Epithelial–Mesenchymal Transitions
	Catenins Link Classical Cadherins to the Actin Cytoskeleton
	Adherens Junctions Coordinate the Actin-Based Motility of Adjacent Cells
	Desmosome Junctions Give Epithelia Mechanical Strength
	Cell–Cell Junctions Send Signals into the Cell Interior
	Selectins Mediate Transient Cell–Cell Adhesions in the Bloodstream
	Members of the Immunoglobulin Superfamily of Proteins Mediate Ca2+-Independent Cell–Cell Adhesion
	Many Types of Cell Adhesion Molecules Act in Parallel to Create a Synapse
	Scaffold Proteins Organize Junctional Complexes
	Summary

	TIGHT JUNCTIONS AND THE ORGANIZATION OF EPITHELIA
	Tight Junctions Form a Seal Between Cells and a Fence Between Membrane Domains
	Scaffold Proteins in Junctional Complexes Play a Key Part in the Control of Cell Proliferation
	Cell–Cell Junctions and the Basal Lamina Govern Apico-Basal Polarity in Epithelia
	A Separate Signaling System Controls Planar Cell Polarity
	Summary

	PASSAGEWAYS FROM CELL TO CELL: GAP JUNCTIONS AND PLASMODESMATA
	Gap Junctions Couple Cells Both Electrically and Metabolically
	A Gap-Junction Connexon Is Made Up of Six Transmembrane Connexin Subunits
	Gap Junctions Have Diverse Functions
	Cells Can Regulate the Permeability of Their Gap Junctions
	In Plants, Plasmodesmata Perform Many of the Same Functions as Gap Junctions
	Summary

	THE BASAL LAMINA
	Basal Laminae Underlie All Epithelia and Surround Some Nonepithelial Cell Types
	Laminin Is a Primary Component of the Basal Lamina
	Type IV Collagen Gives the Basal Lamina Tensile Strength
	Basal Laminae Have Diverse Functions
	Summary

	INTEGRINS AND CELL–MATRIX ADHESION
	Integrins Are Transmembrane Heterodimers That Link to the Cytoskeleton
	Integrins Can Switch Between an Active and an Inactive Conformation
	Integrin Defects Are Responsible for Many Different Genetic Diseases
	Integrins Cluster to Form Strong Adhesions
	Extracellular Matrix Attachments Act Through Integrins to Control Cell Proliferation and Survival
	Integrins Recruit Intracellular Signaling Proteins at Sites of Cell–Substratum Adhesion
	Integrins Can Produce Localized Intracellular Effects
	Summary

	THE EXTRACELLULAR MATRIX OF ANIMAL CONNECTIVE TISSUES
	The Extracellular Matrix Is Made and Oriented by the Cells Within It
	Glycosaminoglycan (GAG) Chains Occupy Large Amounts of Space and Form Hydrated Gels
	Hyaluronan Acts as a Space Filler and a Facilitator of Cell Migration During Tissue Morphogenesis and Repair
	Proteoglycans Are Composed of GAG Chains Covalently Linked to a Core Protein
	Proteoglycans Can Regulate the Activities of Secreted Proteins
	Cell-Surface Proteoglycans Act as Co-Receptors
	Collagens Are the Major Proteins of the Extracellular Matrix
	Collagen Chains Undergo a Series of Post-Translational Modifications
	Propeptides Are Clipped Off Procollagen After its Secretion, to Allow Assembly of Fibrils
	Secreted Fibril-Associated Collagens Help Organize the Fibrils
	Cells Help Organize the Collagen Fibrils They Secrete by Exerting Tension on the Matrix
	Elastin Gives Tissues Their Elasticity
	Fibronectin Is an Extracellular Protein That Helps Cells Attach to the Matrix
	Tension Exerted by Cells Regulates the Assembly of Fibronectin Fibrils
	Fibronectin Binds to Integrins Through an RGD Motif
	Cells Have to Be Able to Degrade Matrix, as Well as Make it
	Matrix Degradation Is Localized to the Vicinity of Cells
	Summary

	THE PLANT CELL WALL
	The Composition of the Cell Wall Depends on the Cell Type
	The Tensile Strength of the Cell Wall Allows Plant Cells to Develop Turgor Pressure
	The Primary Cell Wall Is Built from Cellulose Microfibrils Interwoven with a Network of Pectic Polysaccharides
	Oriented Cell-Wall Deposition Controls Plant Cell Growth
	Microtubules Orient Cell-Wall Deposition
	Summary

	PROBLEMS
	REFERENCES

	Chapter 20 Cancer
	CANCER AS A MICROEVOLUTIONARY PROCESS
	Cancer Cells Reproduce Without Restraint and Colonize Other Tissues
	Most Cancers Derive from a Single Abnormal Cell
	Cancer Cells Contain Somatic Mutations
	A Single Mutation Is Not Enough to Cause Cancer
	Cancers Develop Gradually from Increasingly Aberrant Cells
	Cervical Cancers Are Prevented by Early Detection
	Tumor Progression Involves Successive Rounds of Random Inherited Change Followed by Natural Selection
	The Epigenetic Changes That Accumulate in Cancer Cells Involve Inherited Chromatin Structures and DNA Methylation
	Human Cancer Cells Are Genetically Unstable
	Cancerous Growth Often Depends on Defective Control of Cell Death, Cell Differentiation, or Both
	Cancer Cells Are Usually Altered in Their Responses to DNA Damage and Other Forms of Stress
	Human Cancer Cells Escape a Built-in Limit to Cell Proliferation
	A Small Population of Cancer Stem Cells Maintains Many Tumors
	How Do Cancer Stem Cells Arise?
	To Metastasize, Malignant Cancer Cells Must Survive and Proliferate in a Foreign Environment
	Tumors Induce Angiogenesis
	The Tumor Microenvironment Influences Cancer Development
	Many Properties Typically Contribute to Cancerous Growth
	Summary

	THE PREVENTABLE CAUSES OF CANCER
	Many, But Not All, Cancer-Causing Agents Damage DNA
	Tumor Initiators Damage DNA; Tumor Promoters Do Not
	Viruses and Other Infections Contribute to a Significant Proportion of Human Cancers
	Identification of Carcinogens Reveals Ways to Avoid Cancer
	Summary

	FINDING THE CANCER-CRITICAL GENES
	The Identification of Gain-of-Function and Loss-of-Function Mutations Requires Different Methods
	Retroviruses Can Act as Vectors for Oncogenes That Alter Cell Behavior
	Different Searches for Oncogenes Have Converged on the Same Gene—Ras
	Studies of Rare Hereditary Cancer Syndromes First Identified Tumor Suppressor Genes
	Tumor Suppressor Genes Can Also Be Identified from Studies of Tumors
	Both Genetic and Epigenetic Mechanisms Can Inactivate Tumor Suppressor Genes
	Genes Mutated in Cancer Can Be Made Overactive in Many Ways
	The Hunt for Cancer-critical Genes Continues
	Summary

	THE MOLECULAR BASIS OF CANCER-CELL BEHAVIOR
	Studies of Both Developing Embryos and Genetically Engineered Mice Have Helped to Uncover the Function of Cancer-criticalGenes
	Many Cancer-Critical Genes Regulate Cell Proliferation
	Distinct Pathways May Mediate the Disregulation of Cell-Cycle Progression and the Disregulation of Cell Growth in Cancer Cells
	Mutations in Genes That Regulate Apoptosis Allow Cancer Cells to Survive When They Should Not
	Mutations in the p53 Gene Allow Many Cancer Cells to Survive and Proliferate Despite DNA Damage
	DNA Tumor Viruses Block the Action of Key Tumor Suppressor Proteins
	The Changes in Tumor Cells That Lead to Metastasis Are Still Largely a Mystery
	Colorectal Cancers Evolve Slowly Via a Succession of Visible Changes
	A Few Key Genetic Lesions Are Common to a Large Fraction of Colorectal Cancers
	Some Colorectal Cancers Have Defects in DNA Mismatch Repair
	The Steps of Tumor Progression Can Often Be Correlated with Specific Mutations
	Each Case of Cancer Is Characterized by Its Own Array of Genetic Lesions
	Summary

	CANCER TREATMENT: PRESENT AND FUTURE
	The Search for Cancer Cures Is Difficult but Not Hopeless
	Traditional Therapies Exploit the Genetic Instability and Loss of Cell-Cycle Checkpoint Responses in Cancer Cells
	New Drugs Can Exploit the Specific Cause of a Tumor’s Genetic Instability
	Genetic Instability Helps Cancers Become Progressively More Resistant to Therapies
	New Therapies Are Emerging from Our Knowledge of Cancer Biology
	Small Molecules Can Be Designed to Inhibit Specific Oncogenic Proteins
	Tumor Blood Vessels Are Logical Targets for Cancer Therapy
	Many Cancers May Be Treatable by Enhancing the Immune Response Against a Specific Tumor
	Treating Patients with Several Drugs Simultaneously Has Potential Advantages for Cancer Therapy
	Gene Expression Profiling Can Help Classify Cancers into Clinically Meaningful Subgroups
	There Is Still Much More to Do
	Summary

	PROBLEMS
	REFERENCES

	Chapter 21 Sexual Reproduction: Meiosis, Germ Cells, and Fertilization
	OVERVIEW OF SEXUAL REPRODUCTION
	The Haploid Phase in Higher Eucaryotes Is Brief
	Meiosis Creates Genetic Diversity
	Sexual Reproduction Gives Organisms a Competitive Advantage
	Summary

	MEIOSIS
	Gametes Are Produced by Two Meiotic Cell Divisions
	Duplicated Homologs (and Sex Chromosomes) Pair During Early Prophase I
	Homolog Pairing Culminates in the Formation of a Synaptonemal Complex
	Homolog Segregation Depends on Meiosis-Specific, Kinetochore-Associated Proteins
	Meiosis Frequently Goes Wrong
	Crossing-Over Enhances Genetic Reassortment
	Crossing-Over Is Highly Regulated
	Meiosis Is Regulated Differently in Male and Female Mammals
	Summary

	PRIMORDIAL GERM CELLS AND SEXDETERMINATION IN MAMMALS
	Signals from Neighbors Specify PGCs in Mammalian Embryos
	PGCs Migrate into the Developing Gonads
	The Sry Gene Directs the Developing Mammalian Gonad to Become a Testis
	Many Aspects of Sexual Reproduction Vary Greatly between Animal
	Summary

	EGGS
	An Egg Is Highly Specialized for Independent Development
	Eggs Develop in Stages
	Oocytes Use Special Mechanisms to Grow to Their Large Size
	Most Human Oocytes Die Without Maturing
	Summary

	SPERM
	Sperm Are Highly Adapted for Delivering Their DNA to an Egg
	Sperm Are Produced Continuously in the Mammalian Testis
	Sperm Develop as a Syncytium
	Summary

	FERTILIZATION
	Ejaculated Sperm Become Capacitated in the Female Genital Tract
	Capacitated Sperm Bind to the Zona Pellucida and Undergo an Acrosome Reaction
	The Mechanism of Sperm–Egg Fusion Is Still Unknown
	Sperm Fusion Activates the Egg by Increasing Ca2+ in the Cytosol
	The Cortical Reaction Helps Ensure That Only One Sperm Fertilizes the Egg
	The Sperm Provides Centrioles as Well as Its Genome to the Zygote
	IVF and ICSI Have Revolutionized the Treatment of Human Infertility
	Summary

	REFERENCES

	Chapter 22 Development of Multicellular Organisms
	UNIVERSAL MECHANISMS OF ANIMAL DEVELOPMENT
	Animals Share Some Basic Anatomical Features
	Multicellular Animals Are Enriched in Proteins Mediating Cell Interactions and Gene Regulation
	Regulatory DNA Defines the Program of Development
	Manipulation of the Embryo Reveals the Interactions Between Its Cells
	Studies of Mutant Animals Identify the Genes That Control Developmental Processes
	A Cell Makes Developmental Decisions Long Before It Shows a Visible Change
	Cells Have Remembered Positional Values That Reflect Their Location in the Body
	Inductive Signals Can Create Orderly Differences Between Initially Identical Cells
	Sister Cells Can Be Born Different by an Asymmetric Cell Division
	Positive Feedback Can Create Asymmetry Where There Was None Before
	Positive Feedback Generates Patterns, Creates All-or-None Outcomes, and Provides Memory
	A Small Set of Signaling Pathways, Used Repeatedly, Controls Developmental Patterning
	Morphogens Are Long-Range Inducers That Exert Graded Effects
	Extracellular Inhibitors of Signal Molecules Shape the Response to the Inducer
	Developmental Signals Can Spread Through Tissue in Several Different Ways
	Programs That Are Intrinsic to a Cell Often Define the Time-Course of its Development
	Initial Patterns Are Established in Small Fields of Cells and Refined by Sequential Induction as the Embryo Grows
	Summary

	CAENORHABDITIS ELEGANS: DEVELOPMENT FROM THE PERSPECTIVE OF THE INDIVIDUAL CELL
	Caenorhabditis elegans Is Anatomically Simple
	Cell Fates in the Developing Nematode Are Almost Perfectly Predictable
	Products of Maternal-Effect Genes Organize the Asymmetric Division of the Egg
	Progressively More Complex Patterns Are Created by Cell–Cell Interactions
	Microsurgery and Genetics Reveal the Logic of Developmental Control; Gene Cloning and Sequencing Reveal Its Molecular Mechanisms
	Cells Change Over Time in Their Responsiveness to Developmental Signals
	Heterochronic Genes Control the Timing of Development
	Cells Do Not Count Cell Divisions in Timing Their Internal Programs
	Selected Cells Die by Apoptosis as Part of the Program of Development
	Summary

	DROSOPHILA AND THE MOLECULAR GENETICS OF PATTERN FORMATION: GENESIS OF THE BODY PLAN
	The Insect Body Is Constructed as a Series of Segmental Units
	Drosophila Begins Its Development as a Syncytium
	Genetic Screens Define Groups of Genes Required for Specific Aspects of Early Patterning
	Interactions of the Oocyte With Its Surroundings Define the Axes of the Embryo: the Role of the Egg-Polarity Genes
	The Dorsoventral Signaling Genes Create a Gradient of a Nuclear Gene Regulatory Protein
	Dpp and Sog Set Up a Secondary Morphogen Gradient to Refine the Pattern of the Dorsal Part of the Embryo
	The Insect Dorsoventral Axis Corresponds to the Vertebrate Ventrodorsal Axis
	Three Classes of Segmentation Genes Refine the Anterior–Posterior Maternal Pattern and Subdivide the Embryo
	The Localized Expression of Segmentation Genes Is Regulated by a Hierarchy of Positional Signals
	The Modular Nature of Regulatory DNA Allows Genes to Have Multiple Independently Controlled Functions
	Egg-Polarity, Gap, and Pair-Rule Genes Create a Transient Pattern That Is Remembered by Other Genes
	Summary

	HOMEOTIC SELECTOR GENES AND THE PATTERNING OF THE ANTEROPOSTERIOR AXIS
	The Hox Code Specifies Anterior–Posterior Differences
	Homeotic Selector Genes Code for DNA-Binding Proteins That Interact with Other Gene Regulatory Proteins
	The Homeotic Selector Genes Are Expressed Sequentially According to Their Order in the Hox Complex
	The Hox Complex Carries a Permanent Record of Positional Information
	The Anteroposterior Axis Is Controlled by Hox Selector Genes in Vertebrates Also
	Summary

	ORGANOGENESIS AND THE PATTERNING OF APPENDAGES
	Conditional and Induced Somatic Mutations Make it Possible to Analyze Gene Functions Late in Development
	Body Parts of the Adult Fly Develop From Imaginal Discs
	Homeotic Selector Genes Are Essential for the Memory of Positional Information in Imaginal Disc Cells
	Specific Regulatory Genes Define the Cells That Will Form an Appendage
	The Insect Wing Disc Is Divided into Compartments
	Four Familiar Signaling Pathways Combine to Pattern the WingDisc: Wingless, Hedgehog, Dpp, and Notch
	The Size of Each Compartment Is Regulated by Interactions Among Its Cells
	Similar Mechanisms Pattern the Limbs of Vertebrates
	Localized Expression of Specific Classes of Gene Regulatory Proteins Foreshadows Cell Differentiation
	Lateral Inhibition Singles Out Sensory Mother Cells Within Proneural Clusters
	Lateral Inhibition Drives the Progeny of the Sensory Mother Cell Toward Different Final Fates
	Planar Polarity of Asymmetric Divisions is Controlled by Signaling via the Receptor Frizzled
	Asymmetric Stem-Cell Divisions Generate Additional Neurons in the Central Nervous System
	Asymmetric Neuroblast Divisions Segregate an Inhibitor of Cell Division into Just One of the Daughter Cells
	Notch Signaling Regulates the Fine-Grained Pattern of Differentiated Cell Types in Many Different Tissues
	Some Key Regulatory Genes Define a Cell Type; Others Can Activate the Program for Creation of an Entire Organ
	Summary

	CELL MOVEMENTS AND THE SHAPING OF THE VERTEBRATE BODY
	The Polarity of the Amphibian Embryo Depends on the Polarity of the Egg
	Cleavage Produces Many Cells from One
	Gastrulation Transforms a Hollow Ball of Cells into a Three-Layered Structure with a Primitive Gut
	The Movements of Gastrulation Are Precisely Predictable
	Chemical Signals Trigger the Mechanical Processes
	Active Changes of Cell Packing Provide a Driving Force for Gastrulation
	Changing Patterns of Cell Adhesion Molecules Force Cells Into New Arrangements
	The Notochord Elongates, While the Neural Plate Rolls Up to Form the Neural Tube
	A Gene-Expression Oscillator Controls Segmentation of the Mesoderm Into Somites
	Delayed Negative Feedback May Generate the Oscillations of the Segmentation Clock
	Embryonic Tissues Are Invaded in a Strictly Controlled Fashion by Migratory Cells
	The Distribution of Migrant Cells Depends on Survival Factors as Well as Guidance Cues
	Left–Right Asymmetry of the Vertebrate Body Derives From Molecular Asymmetry in the Early Embryo
	Summary

	THE MOUSE
	Mammalian Development Begins With a Specialized Preamble
	The Early Mammalian Embryo Is Highly Regulative
	Totipotent Embryonic Stem Cells Can Be Obtained From a Mammalian Embryo
	Interactions Between Epithelium and Mesenchyme Generate Branching Tubular Structures
	Summary

	NEURAL DEVELOPMENT
	Neurons Are Assigned Different Characters According to the Time and Place Where They Are Born
	The Character Assigned to a Neuron at Its Birth Governs the Connections It Will Form
	Each Axon or Dendrite Extends by Means of a Growth Cone at Its Tip
	The Growth Cone Pilots the Developing Neurite Along a Precisely Defined Path In Vivo
	Growth Cones Can Change Their Sensibilities as They Travel
	Target Tissues Release Neurotrophic Factors That Control Nerve Cell Growth and Survival
	Neuronal Specificity Guides the Formation of Orderly Neural Maps
	Axons From Different Regions of the Retina Respond Differently to a Gradient of Repulsive Molecules in the Tectum
	Diffuse Patterns of Synaptic Connections Are Sharpened by Activity-Dependent Remodeling
	Experience Molds the Pattern of Synaptic Connections in the Brain
	Adult Memory and Developmental Synapse Remodeling May Depend on Similar Mechanisms
	Summary

	PLANT DEVELOPMENT
	Arabidopsis Serves as a Model Organism for Plant Molecular Genetics
	The Arabidopsis Genome Is Rich in Developmental Control Genes
	Embryonic Development Starts by Establishing a Root–Shoot Axis and Then Halts Inside the Seed
	The Parts of a Plant Are Generated Sequentially by Meristems
	Development of the Seedling Depends on Environmental Signals
	Long-Range Hormonal Signals Coordinate Developmental Events in Separate Parts of the Plant
	The Shaping of Each New Structure Depends on Oriented Cell Division and Expansion
	Each Plant Module Grows From a Microscopic Set of Primordia in a Meristem
	Polarized Auxin Transport Controls the Pattern of Primordia in the Meristem
	Cell Signaling Maintains the Meristem
	Regulatory Mutations Can Transform Plant Topology by Altering Cell Behavior in the Meristem
	The Switch to Flowering Depends on Past and Present Environmental Cues
	Homeotic Selector Genes Specify the Parts of a Flower
	Summary

	REFERENCES

	Chapter 23 Specialized Tissues, Stem Cells, and Tissue Renewal
	EPIDERMIS AND ITS RENEWAL BY STEM CELLS
	Epidermal Cells Form a Multilayered Waterproof Barrier
	Differentiating Epidermal Cells Express a Sequence of Different Genes as They Mature
	Stem Cells in the Basal Layer Provide for Renewal of the Epidermis
	The Two Daughters of a Stem Cell Do Not Always Have to Become Different
	The Basal Layer Contains Both Stem Cells and Transit Amplifying Cells
	Transit Amplifying Divisions Are Part of the Strategy of Growth Control
	Stem Cells of Some Tissues Selectively Retain Original DNA Strands
	The Rate of Stem-Cell Division Can Increase Dramatically When New Cells Are Needed Urgently
	Many Interacting Signals Govern Epidermal Renewal
	The Mammary Gland Undergoes Cycles of Development and Regression
	Summary

	SENSORY EPITHELIA
	Olfactory Sensory Neurons Are Continually Replaced
	Auditory Hair Cells Have to Last a Lifetime
	Most Permanent Cells Renew Their Parts: the Photoreceptor Cells of the Retina
	Summary

	THE AIRWAYS AND THE GUT
	Adjacent Cell Types Collaborate in the Alveoli of the Lungs
	Goblet Cells, Ciliated Cells, and Macrophages Collaborate to Keep the Airways Clean
	The Lining of the Small Intestine Renews Itself Faster Than Any Other Tissue
	Wnt Signaling Maintains the Gut Stem-Cell Compartment
	Notch Signaling Controls Gut Cell Diversification
	Ephrin–Eph Signaling Controls the Migrations of Gut Epithelial Cells
	Wnt, Hedgehog, PDGF, and BMP Signaling Pathways Combine to Delimit the Stem-Cell Niche
	The Liver Functions as an Interface Between the Digestive Tract and the Blood
	Liver Cell Loss Stimulates Liver Cell Proliferation
	Tissue Renewal Does Not Have to Depend on Stem Cells: Insulin-Secreting Cells in the Pancreas
	Summary

	BLOOD VESSELS, LYMPHATICS, AND ENDOTHELIAL CELLS
	Endothelial Cells Line All Blood Vessels and Lymphatics
	Endothelial Tip Cells Pioneer Angiogenesis
	Different Types of Endothelial Cells Form Different Types of Vessel
	Tissues Requiring a Blood Supply Release VEGF; Notch Signaling Between Endothelial Cells Regulates the Response
	Signals from Endothelial Cells Control Recruitment of Pericytes and Smooth Muscle Cells to Form the Vessel Wall
	Summary

	RENEWAL BY MULTIPOTENT STEM CELLS: BLOOD CELL FORMATION
	The Three Main Categories of White Blood Cells Are Granulocytes, Monocytes, and Lymphocytes
	The Production of Each Type of Blood Cell in the Bone Marrow Is Individually Controlled
	Bone Marrow Contains Hemopoietic Stem Cells
	A Multipotent Stem Cell Gives Rise to All Classes of Blood Cells
	Commitment Is a Stepwise Process
	Divisions of Committed Progenitor Cells Amplify the Number of Specialized Blood Cells
	Stem Cells Depend on Contact Signals From Stromal Cells
	Factors That Regulate Hemopoiesis Can Be Analyzed in Culture
	Erythropoiesis Depends on the Hormone Erythropoietin
	Multiple CSFs Influence Neutrophil and Macrophage Production
	The Behavior of a Hemopoietic Cell Depends Partly on Chance
	Regulation of Cell Survival Is as Important as Regulation of Cell Proliferation
	Summary

	GENESIS, MODULATION, AND REGENERATION OF SKELETAL MUSCLE
	Myoblasts Fuse to Form New Skeletal Muscle Fibers
	Muscle Cells Can Vary Their Properties by Changing the Protein Isoforms They Contain
	Skeletal Muscle Fibers Secrete Myostatin to Limit Their Own Growth
	Some Myoblasts Persist as Quiescent Stem Cells in the Adult
	Summary

	FIBROBLASTS AND THEIR TRANSFORMATIONS: THE CONNECTIVE-TISSUE CELL FAMILY
	Fibroblasts Change Their Character in Response to Chemical Signals
	The Extracellular Matrix May Influence Connective-Tissue Cell Differentiation by Affecting Cell Shape and Attachment
	Osteoblasts Make Bone Matrix
	Most Bones Are Built Around Cartilage Models
	Bone Is Continually Remodeled by the Cells Within It
	Osteoclasts Are Controlled by Signals From Osteoblasts
	Fat Cells Can Develop From Fibroblasts
	Leptin Secreted by Fat Cells Provides Feedback to Regulate Eating
	Summary

	STEM-CELL ENGINEERING
	Hemopoietic Stem Cells Can Be Used to Replace Diseased Blood Cells with Healthy Ones
	Epidermal Stem-Cell Populations Can Be Expanded in Culture for Tissue Repair
	Neural Stem Cells Can Be Manipulated in Culture
	Neural Stem Cells Can Repopulate the Central Nervous System
	Stem Cells in the Adult Body Are Tissue-Specific
	ES Cells Can Make Any Part of the Body
	Patient-Specific ES Cells Could Solve the Problem of Immune Rejection
	ES Cells Are Useful for Drug Discovery and Analysis of Disease
	Summary

	REFERENCES

	Chapter 24 Pathogens, Infection, and Innate Immunity
	INTRODUCTION TO PATHOGENS
	Pathogens Have Evolved Specific Mechanisms for Interacting with Their Hosts
	The Signs and Symptoms of Infection May Be Caused by the Pathogen or by the Host’s Responses
	Pathogens Are Phylogenetically Diverse
	Bacterial Pathogens Carry Specialized Virulence Genes
	Fungal and Protozoan Parasites Have Complex Life Cycles with Multiple Forms
	All Aspects of Viral Propagation Depend on Host Cell Machinery
	Prions Are Infectious Proteins
	Infectious Disease Agents Are Linked To Cancer, Heart Disease, and Other Chronic Illnesses
	Summary

	CELL BIOLOGY OF INFECTION
	Pathogens Cross Protective Barriers to Colonize the Host
	Pathogens That Colonize Epithelia Must Avoid Clearance by the Host
	Intracellular Pathogens Have Mechanisms for Both Entering and Leaving Host Cells
	Virus Particles Bind to Molecules Displayed on the Host Cell Surface
	Virions Enter Host Cells by Membrane Fusion, Pore Formation, or Membrane Disruption
	Bacteria Enter Host Cells by Phagocytosis
	Intracellular Eucaryotic Parasites Actively Invade Host Cells
	Many Pathogens Alter Membrane Traffic in the Host Cell
	Viruses and Bacteria Use the Host Cell Cytoskeleton for Intracellular Movement
	Viral Infections Take Over the Metabolism of the Host Cell
	Pathogens Can Alter the Behavior of the Host Organism to Facilitate the Spread of the Pathogen
	Pathogens Evolve Rapidly
	Antigenic Variation in Pathogens Occurs by Multiple Mechanisms
	Error-Prone Replication Dominates Viral Evolution
	Drug-Resistant Pathogens Are a Growing Problem
	Summary

	BARRIERS TO INFECTION AND THE INNATE IMMUNE SYSTEM
	Epithelial Surfaces and Defensins Help Prevent Infection
	Human Cells Recognize Conserved Features of Pathogens
	Complement Activation Targets Pathogens for Phagocytosis or Lysis
	Toll-like Proteins and NOD Proteins Are an Ancient Family of Pattern Recognition Receptors
	Phagocytic Cells Seek, Engulf, and Destroy Pathogens
	Activated Macrophages Contribute to the Inflammatory Response at Sites of Infection
	Virus-Infected Cells Take Drastic Measures to Prevent Viral Replication
	Natural Killer Cells Induce Virus-Infected Cells to Kill Themselves
	Dendritic Cells Provide the Link Between the Innate and Adaptive Immune Systems
	Summary

	REFERENCES

	Chapter 25 The Adaptive Immune System
	LYMPHOCYTES AND THE CELLULAR BASIS OF ADAPTIVE IMMUNITY
	Lymphocytes Are Required for Adaptive Immunity
	The Innate and Adaptive Immune Systems Work Together
	B Lymphocytes Develop in the Bone Marrow; T Lymphocytes Develop in the Thymus
	The Adaptive Immune System Works by Clonal Selection
	Most Antigens Activate Many Different Lymphocyte Clones
	Immunological Memory Involves Both Clonal Expansion and Lymphocyte Differentiation
	Immunological Tolerance Ensures That Self Antigens Are Not Normally Attacked
	Lymphocytes Continuously Circulate Through Peripheral Lymphoid Organs
	Summary

	B CELLS AND ANTIBODIES
	B Cells Make Antibodies as Both Cell-Surface Antigen Receptors and Secreted Proteins
	A Typical Antibody Has Two Identical Antigen-Binding Sites
	An Antibody Molecule Is Composed of Heavy and Light Chains
	There Are Five Classes of Antibody Heavy Chains, Each with Different Biological Properties
	The Strength of an Antibody–Antigen Interaction Depends on Both the Number and the Affinity of the Antigen-Binding Sites
	Antibody Light and Heavy Chains Consist of Constant and Variable Regions
	The Light and Heavy Chains Are Composed of RepeatingIg Domains
	An Antigen-Binding Site Is Constructed from Hypervariable Loops
	Summary

	THE GENERATION OF ANTIBODY DIVERSITY
	Antibody Genes Are Assembled From Separate Gene Segments During B Cell Development
	Imprecise Joining of Gene Segments Greatly Increases the Diversity of V Regions
	The Control of V(D)J Recombination Ensures That B Cells Are Monospecific
	Antigen-Driven Somatic Hypermutation Fine-Tunes Antibody Responses
	B Cells Can Switch the Class of Antibody They Make
	Summary

	T CELLS AND MHC PROTEINS
	T Cell Receptors (TCRs) Are Antibody-like Heterodimers
	Antigen Presentation by Dendritic Cells Can Either Activate or Tolerize T Cells
	Effector Cytotoxic T Cells Induce Infected Target Cells to Kill Themselves
	Effector Helper T Cells Help Activate Other Cells of the Innate and Adaptive Immune Systems
	Regulatory T Cells Suppress the Activity of Other T Cells
	T Cells Recognize Foreign Peptides Bound to MHC Proteins
	MHC Proteins Were Identified in Transplantation Reactions Before Their Functions Were Known
	Class I and Class II MHC Proteins Are Structurally Similar Heterodimers
	An MHC Protein Binds a Peptide and Interacts with a T Cell Receptor
	MHC Proteins Help Direct T Cells to Their Appropriate Targets
	CD4 and CD8 Co-Receptors Bind to Invariant Parts of MHC Proteins
	Cytotoxic T Cells Respond to Fragments of Foreign Cytosolic Proteins in Association with Class I MHC Proteins
	Helper T Cells Respond to Fragments of Endocytosed Foreign Protein Associated with Class II MHC Proteins
	Potentially Useful T Cells Are Positively Selected in the Thymus
	Most Developing Cytotoxic and Helper T Cells That Could Be Activated by Self-Peptide–MHC Complexes Are Eliminated in theThymus
	Some Organ-specific Proteins Are Ectopically Expressed in the Thymus Medulla
	The Function of MHC Proteins Helps Explain Their Polymorphism
	Summary

	HELPER T CELLS AND LYMPHOCYTE ACTIVATION
	Activated Dendritic Cells Use Multiple Mechanisms to Activate T Cells
	The Activation of T Cells Is Controlled by Negative Feedback
	The Subclass of Effector Helper T Cell Determines the Nature of the Adaptive Immune Response
	TH1 Cells Activate Infected Macrophages and Stimulate An Inflammatory Response
	Antigen Binding to B Cell Receptors (BCRs) Is Only One Step in B Cell Activation
	Antigen-Specific Helper T Cells Are Essential for Activating Most B Cells
	A Special Class of B Cells Recognize T-cell-independent Antigens
	Immune Recognition Molecules Belong to the Ancient Ig Superfamily
	Summary

	REFERENCES


	Glossary
	Index




